





































AtlIantita, G e org ia
4
lgmwe
INSTITUTE OF PAPER SCIENCE AND TECHNOLOGY
Antitrust Notice
Guidelines for Meetings
Neither the Institute of Paper Science and Technology nor any committee or activity of the Institute
shall be used or include discussions for the purpose of bringing about or attempting to bring about
any understanding or agreement, written or oral, formal or informal, expressed or implied, among
competitors with regard to prices, terms or conditions of sale, distribution, volume of production,
or allocation of territories, customers or supplies.
No IPST activity shall involve exchange or collection and dissemination among competitors of any
information regarding prices, pricing methods, costs of production, sales, marketing, or
distribution.
Neither IPST nor any committee thereof shall make any effort to bring about the standardization of
any product for the purpose of or with the effect of preventing the manufacture or sale of any
product not conforming to a specified standard.
The Institute does not become involved in any product standards or endorsements. IPST policy as
a tax exempt educational institution expressly precludes the establishment of product standards or




The Institute of Paper Science and Technology (IPST) has provided a high standard of
professional service and has put forth its best efforts within the time and funds available for this
project. The information and conclusions are advisory and are intended only for internal use by any
company who may receive this report. Each company must decide for itself the best approach to
solving any problems it may have and how, or whether, this reported information should be
considered in its approach.
IPST does not recommend particular products, procedures, materials, or service. These are
included only in the interest of completeness within a laboratory context and budgetary constraint.
Actual products, procedures, materials, and services used may differ and are peculiar to the
operations of each company.
In no event shall IPST or its employees and agents have any obligation or liability for damages
including, but not limited to, consequential damages arising out of or in connection with any


















































TO: MEMBERS OF THE PAPER PHYSICS PROJECT ADVISORY COMMITTEE
Attached for your review are Status Reports for projects to be reviewed and discussed at
the Paper Physics PAC meeting scheudled for March 25-26, 1992, in Atlanta. A meeting
agenda can be found inside the booklet.
Please note that the meeting is being held at the Wyndham Hotel located at 125 10th Street,
one and one-half blocks east of the 10th Street (Midtown) MARTA Rail Station.
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Project Title: ON-LINE MEASUREMENT OF PAPER PROPERTIES
Project Staff: M. Hall, P. Brodeur, T. Jackson
Budget (FY 91-92): $70,000
Reporting Period: April 1991 - March 1992




Develop sensors and instrumentation capable of measuring the velocity of ultrasound in
the in-plane and thickness directions of paper while the paper web is moving at line
speed. Shared support with Project 3613 (DOE Contract No. AC05-86CE40777).
GOAL:
The measurement of the velocity of ultrasound provides a nondestructive technique to
characterize the mechanical properties of paper. The ability to measure mechanical
properties on the paper machine will provide a means to continuously monitor product
quality related to end-use performance. These measurements also provides data needed
to relate product characteristics to process variables for paper machine control.
Successful implementation of the results of this project will provide more effective
utilization of raw materials and energy while producing products with improved
uniformity and quality.
SUMMARY:
Ultrasonic transducers mounted in fluid-filled wheels are used to make out-of-plane
(ZD) ultrasound velocity measurements and caliper measurements on moving paper
webs. The paper web runs in the nip between two such wheels. The caliper and transit
time are determined from a comparison of the arrival times of ultrasonic pulses between
the two transducers with and without the sample present.
Wideband, bimorph bender ultrasonic transducers mounted in an aluminum drum are
used for simultaneous MD and CD in-plane measurements.
The fluid-filled wheels and the drum with in-plane transducers are mounted on a web
handling system. This web handling system includes a web guide and is capable of
speeds up to 2500 fpm, running in either an endless loop or a reel-to-reel mode. A
dancer arm provides adjustable tension in the loop mode, and tension is automatically
controlled in the reel-to-reel mode. This system enables us to perform tests on reels on
3 inch cores up to 14 inches wide and 34 inches in diameter or on 30-foot endless loops.
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The fluid-filled wheels are mounted on a test stand designed to operate with the
unwind/rewind web handling system. This test stand has cross web positioning in one
inch increments. The wheel mounts are extended and retracted by air cylinders. Motors
are provided to match wheel-to-web speed before closing the wheels onto the web. The
wheel axle spacing (nip pressure) is adjustable.
Electronics necessary to make ZD or in-plane measurements on moving webs is in place.
A software package (WAVE) was purchased for use with the 386-type computer. This
package is specially designed for manipulating and analyzing digitized waveform data.
This software has significantly increased the convenience and efficiency in preparing the
software necessary to support the operation of the data collection system.
Data collection techniques continue to be refined for time measurement resolution and
sampling rate. Both ZD and in-plane moving web data have been collected on rolls of
paper representative a variety of commercial grades. A commercial caliper gauge has
been added to provide an alternate option for web thickness measurement.
FLUID-FILLED WHEEL TRANSDUCERS FOR ZD MEASUREMENTS
Review of Past Project Activity - ZD Measurements
Two approaches for making measurements of the ultrasonic velocity in the thickness
direction (ZD) of moving paper webs have been developed. One uses IPST-made,
elastomer-faced, PVDF wheel transducers, and the other uses modified, commercially
available, fluid-filled wheels containing ultrasonic transducers. The paper runs in the nip
between two such wheels. Our recent work has concentrated on using the fluid-filled
wheels. They can be used to simultaneously measure both the ZD ultrasound transit
time and the thickness from which the velocity is calculated.
The heart of the ZD measurement system is a pair of identical flat-faced, narrow band
ultrasonic transducers with a center frequency in the range of 1 MHz to 2 MHz. This
frequency range is a compromise between constraints imposed by increasing attenuation
in paper at higher frequencies and the requirement that the wavelength be greater than
the paper thickness to avoid internal reflection effects. One transducer serves as a
transmitter, converting electrical energy to mechanical, while the other acts in reverse as
a receiver. The transducers are each nested in 7 inch diameter, fluid-filled, 3/8 inch
thick rubber tires. The transducers are fixed in place facing each other, attached to axles
around which each tire rotates. The axles are positioned so that the tires are in contact
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~* ~ With this configuration, an electrical pulse sent to the transmitter causes an ultrasonic
~* ~ pulse to be launched from the transducer face. The pulse propagates through the fluid
*· ~ inside the transmitting tire, through the tire surface, across the nip where the tires meet,
then through the surface of the receiving tire and the fluid inside it, finally striking the
surface of the receiver, which converts the pulse back into electrical energy. In addition
~* ~ to this pulse, which propagates directly from transmitter to receiver, other later-arriving
*· ~ pulses are created at each boundary between different materials (i.e., transducer/fluid,
*· ~ fluid/rubber, rubber/paper) where partial transmission/reflection occurs. Each of these
pulses has at some point bounced backward and forward once or more to arrive
~* ~ eventually at the receiver. Only a few of the resulting pulses (a pulse set) are of
~* ~ practical importance, arriving at the receiver with a time difference between pulses of
interest of approximately 80 microseconds.
We observed that interference of the signals reflected at the liquid-rubber and rubber-
paper interfaces may affect the pulse shapes and caused errors in the determination of
pulse time differences for "thin" tires with a thickness of about 1/8 inch. New wheels
with thicker tires (about 3/8 inch) were purchased from DAPCO, providing significant
improvement in pulse shapes.
Standard immersion transducers are made with a one quarter wavelength plastic cover.
We observed that the shape of the pulse reflected at the transducer is affected by this
cover. To minimize the effect of this upon pulse time measurements, we purchased
special transducers made with a cover of the minimum thickness needed for a water seal.
This cover is about one-fifth the thickness of the conventional quarter wave cover.
We have used two sets of "thick" (3/8 inch) tires. One set is made from soft rubber and
the other is made from a harder polyurethane. There are advantages and disadvantages
for each type. The "soft" tires are similar to the soft rubber that is used for soft platen
caliper and for the transducers used in the IPST laboratory instrument for ZD
measurements. Soft rubber is believed to be desirable for coupling ultrasound to paper
for longitudinal ZD measurements. However, the soft tires are more susceptible to
distortion as speed is increased.
The "hard" tires are quite stiff and any out-of-roundness will cause a variation in pressure
on the paper being measured and make it more difficult to hold the variation of distance
between wheel axles at a minimum. On the other hand, the hard tires do provide good
signal strength, do not distort at higher speeds, and would be expected to wear better in
use.
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Discussion of 1991 Results - ZD Measurements
In order to be a useful instrument, the ZD measurement system must be capable of
measuring ZD pulse flight times through paper with nanosecond accuracy. In order to
derive consistent time measurements, accurate to several nanoseconds from low-energy
pulses, a number of methods have been developed to make the system insensitive to
effects due to ambient temperature changes and physical limitations of the measurement
apparatus itself.
Because a temperature increase of one degree Centigrade in the fluid (water) increases
the pulse propagation velocity by 2.4 meters/sec, an effective method for temperature
compensation is required. The most effective method involves using an acrylic rod as a
delay line or "shim" butted against the transmitter surface. The time of flight within the
shim is proportional to the shim temperature. Since the shim temperature is equal to
the fluid temperature, the shim flight time is used to determine the corrections required
to compensate for changes in fluid temperature.
Some of the pulses critical to ZD velocity measurement are very weak and are degraded
substantially by noise. The noise is effectively overcome by averaging a number of pulse
sets produced by a train of excitation pulses sent to the transmitter. Additionally, second
order interpolation and cross correlation are employed to measure pulse flight times with
great accuracy. In fact, a digitization rate of only 50 nanoseconds/point can yield time
measurements accurate to within a single nanosecond when second order interpolation is
used in conjunction with cross correlation. The low digitization rate also allows
extremely fast averaging (approximately 500 pulse sets averaged per second). This is
important, because small but significant variations in tire thickness lead to corresponding
variations in pulse flight times. In order to eliminate these variations, pulse sets are
averaged while the tires rotate exactly one or two revolutions. This scheme is
implemented through the following design. See Figure 1.
A square wave generator produces a continuous train of pulses, which is fed to the input
of a 3-channel analog multiplexer. A 4-state roll-around counter determines which
multiplexer output is addressed to the input. The counter is clocked each time a
metallic target, fixed to the transmitter tire, moves into the immediate vicinity of an
inductive proximity sensor. One of the multiplexer outputs is coupled to the trigger
input of a pulse/echo box. This device has a dual-purpose I/O line which outputs a ·
short-duration ultrasonic pulse in response to an external trigger, then changes state to
act as an input, accepting ultrasonic echo pulses and enabling the transmitter to be a
receiver as well. The echoes are available at the box's signal output line. The
pulse/echo box is incorporated into the design in order to capture the pulse that ·
propagates from the transmitter/shim boundary, reflecting back from the shim/water
boundary to the transmitter for the purpose of the temperature compensation mentioned
·
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· above. The multiplexer/counter arrangement passes triggers to the pulse/echo box
* during every 4th rotation of the transmitter tire, leaving 3 "dead" count states available
* for wave transfer, cross correlation and preparation for the next acquisition. The
computer monitors the count state in order to synchronize acquisition and GPIB
* communication with tire rotation.
· We have found that the force provided by the air cylinders, used to extend and retract
the wheels, is not sufficient to maintain a fixed axle distance with "stiff' or out-of-round
tires. Since small changes in transducer separation distance can affect flight time
* measurements, an inductive distance measurement circuit has been added to the system.
* A conductive (metal) target is attached to the support of the transmitting tire and an
· inductive sensor (Kaman Instrumentation Corporation) is attached to the support of the
receiving tire. This circuit is insensitive to the presence of paper between the target and
sensor. The circuit is calibrated in volts versus distance between the inductive sensor
* and the target. Readings from the circuit provide repetitive corrections for variation in
* the transducer separation distance, increasing the accuracy of the calculated velocities.
The reflected and transmitted pulse sets are illustrated in Figure 2. Originally, pulses
* taken during the measurement process were cross correlated against corresponding
* reference pulses taken without the presence of the paper web. As the accuracy of the
measurements were improved, it became apparent that the time between trigger arrival
at the oscilloscope and the onset of digitization contains a small degree of
* unpredictability. This "trigger jitter", though always less than the digitization period of
* the acquisition, is significant for the chosen 50 nanoseconds/point digitization rate.
Fortunately, the time between points of a digitized waveform is free of the jitter. By
cross correlating only pulses from the present acquisition, the problem of trigger jitter is
overcome. This necessitates a different choice of pulses for cross correlation, since
* reference pulses cannot be used.
For the shim flight time used in temperature correction, the pulse that reflects from the
shim/water boundary and back to the transmitter (w_pe) is cross correlated against the
* pulse that reflects back from the transmitter face to travel through the shim and back a
* second time (w_pel). More precisely, since w_pel is inverted relative to w_pe, w_pel is
· negated before cross correlation. The cross correlation gives the travel time within the
shim (t_pes) without trigger jitter.
* In a manner similar to the above, trigger jitter is eliminated from the measurement of
* change in transit time from transmitter to receiver with and without a paper sample
between the wheels. The primary pulse (w_1) is cross correlated with the echo pulse
(w pe), first without a sample for a reference value, and then with the sample. The
* difference in these values (t_pe_l_del) is then used to determine the ZD transit time
through the paper.
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A digitizing oscilloscope (LeCroy 7200) performs the pulse acquisition and averaging.
The scope must be instructed by the computer to send its averaged waveforms over the
GPIB interface bus to the computer, which interpolates and cross correlates the
waveforms, deriving flight time measurements. These are used in the calculation of
caliper and ZD velocity. It should be possible for the LeCroy 7200 to perform the cross
correlations with its internal programs with an announced software upgrade. This will
eliminate the need to transfer the digitized waveforms to the computer. The removal of
this bottleneck should provide faster data acquisition rates.
Moving web measurements have demonstrated the reproducibility of the ZD
measurements with moving belts of paper. Rolls of paper representative of a variety of
commercial grades have been measured in the reel-to-reel mode on the web handler.
The measurements are in general agreement with laboratory instrument data for samples
of these rolls. Figure 3 presents ZD data for a six section roll containing 500 foot
lengths each of three different 42# liners, a 69# liner, and a 26# medium.
A web caliper measurement is required to calculate the out-of-plane (ZD) velocity of
ultrasound through the web. We have used the multi-reflected pulses described above to
determine the web caliper in most of our work. However, an independent caliper
measuring instrument may be used in conjunction with the fluid-filled wheels. Potential
advantages are: the transducer and shim positioning in the tires is less critical because
one does not need to be concerned about reflected pulse overlap and interference;
sampling rate may be increased because the amount of data to be transferred and cross
correlated is reduced; the multi-reflected pulse is weak and more difficult to use as
sample thickness increases; and the temperature sensitivity of the multi-reflected pulse
time requires careful correction. Potential disadvantages of using a separate caliper
gauge are: the sample locations at which the transit times are determined are not exactly
the same as those for thickness measurement; the compression of the sample for transit
time and thickness measurement will not be the same; and the caliper gauge will give a
"hard platen" caliper whereas the wheels with soft rubber tires will be essentially a "soft
platen" caliper.
Measurex has loaned a contact caliper gauge to us. We have mounted this on our test
stand in line with the fluid-filled wheels. Figure 4 presents ZD data for the six section
roll of three different 42# liners, a 69# liner, and a 26# medium using the Measurex
caliper gauge. This is in reasonable agreement with the ZD data in Figure 3. The free
run (not controlled by integral tire revolutions) sampling rate is approximately 4 seconds
per 500 average sample versus 5 seconds per sample if caliper is determined with multi-
reflected pulse in the fluid-filled wheels.
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~w ~ Some of our data was taken using a "thick" (3/8 inch) tire on one wheel and a "thin" (1/8
· inch) tire on the other; both soft rubber. With a belt of paper on the web handler, we
*· ~ observed that we lost the transmitted signal at web speeds above 1200 feet/minute. It
was apparent that the thin tire was distorting such that an air gap developed between the
tires. The "thin" tire was replaced with a "thick" tire. With two "thick" soft rubber tires
· we are able to take data on a belt of paper at the maximum speed of our web handling
· * ~ system, 2510 feet/minute.
BIMORPH TRANSDUCERS FOR IN-PLANE MEASUREMENTS
~* ~ Review of Past Project Activity - In-plane Measurements
The in-plane measurement system is based on a set of wideband bimorph bender
· ultrasonic transducers excited at 80 KHz. These are similar to those developed for in-
* plane measurements in the laboratory instruments. A technique was developed to
* adhere a metal wire to the tip of the transducer to provide a more durable wear surface.
The transducers are mounted in the surface of a 10 inch diameter aluminum cylinder or
drum in special spring-loaded holders. The spring loading is designed to minimize the
* variability in the loading of the transducers to the web. The drum surface has a grooved
* pattern intended to allow strong, narrow acoustic pulses in the plane of the paper.
Provision is made in the web handling system described above to mount this drum. The
transducers are oriented outward so that each active element protrudes slightly outside
the circumference of the cylinder.
The transducers are used in sets of three. One transducer serves as a transmitter, and
may be positioned at either end of the set or in between the two transducers used as
receivers. The transducers may be oriented and aligned to operate in the longitudinal or
shear mode in the MD or CD directions. For example, a transmitter positioned to excite
· longitudinal waves in the MD direction of the web also excites shear waves in the CD
direction. Four transducers may be positioned relative to this transmitter into two sets of
receivers. For both sets, the receivers are positioned at different distances (NEAR and
* FAR) from the transmitter in order to create a delta distance from transmitter to
* receivers.
One receiver set is aligned with the transmitter in the CD direction and oriented to
* detect CD shear waves. The CD NEAR distance is 46 mm and the CD FAR is 82 mm
* for a path length difference of 36 mm. This delta distance is divided by the continuously
measured delta pulse flight times for the calculation of in-plane velocities. The other set
is aligned with the transmitter in the MD direction and oriented to detect MD
longitudinal waves. The MD NEAR distance is 66 mm and the MD FAR is 200
I
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mm for a path length difference of 134 mm. Similarly, one may orient the transducers to
make longitudinal measurements in the cross direction and shear measurement in the
machine direction.
The web is wrapped part way around the cylinder, the portion of rotation within which a
set of transducers are in contact with the web is the active measurement period for that
set. During this active period, the transmitter is excited by a continuous stream of single-
cycle ultrasonic pulses spaced at approximately 1 millisecond intervals. The pulse
interval is just long enough to allow time for the waves propagating within the web from
the previous excitation to die out. Each excitation causes the transmitter to ring for a
few cycles, producing in-plane waves that propagate in all directions. The receivers
convert the waves back into electrical signals which are captured by a digitizing
oscilloscope. After averaging a number of waves within the active period of rotation, the
oscilloscope takes time measurements of corresponding half cycle peaks. The peak times
for each receiver set are subtracted and sent to the 386 computer for velocity
calculations.
The method used for passing excitations to the transmitter only during the active
measurement period is similar to that incorporated into the ZD measurement system
described earlier. In this case, two metallic targets are fixed to the cylinder. One target
is positioned at the beginning of the active region to trigger an inductive proximity
sensor, which clears the multiplexer/counter circuit. The other target, located at the end
of the active region, clocks the counter, so excitation pulses are passed by the multiplexer
to the transmitter only during the zero state of the counter.
Discussion of 1991 Results - In-Plane Measurements
The transducer housing and the holder for mounting the transducers in the drum were 9
redesigned. New transducers and holders were made and mounted in the drum. Part of the
housing is square in cross section and slides freely in a square hole in the mount. This
maintains the rotational orientation of the bender. Relatively weak springs hold the
transducer in light contact with the paper sample or with the cap on the holder when there
is no paper. The caps are held in place with screws and can be removed to replace or
reposition the transducers from outside the drum without removing the body of the holder.
In-plane CD shear and MD longitudinal data were taken on rolls of paper representing a
variety commercial grades. Figure 5 presents data for a 9600 foot roll of 26# liner. Similar
data has been recorded for 30#/3000 sq.ft. newsprint, 26# medium, 42# and 69# liner,
70#/330 sq.ft. coated 2 side free sheet, stamp paper with glue applied, and 60#/3000 sq.ft.




With the new mounts and transducers, two sets were positioned to measure in the CD
longitudinal and CD shear modes. Data was collected with the web wrapped to provide
light tangential contact with the drum and compared with data taken with the web wrapped
part way around the drum. The results were essentially the same. With tangential contact
one takes the measurement with one pulse each drum revolution, whereas with partial wrap
the transducers are in contact with the web long enough to permit measurement by
averaging several pulses each drum revolution.
Provision was included in our present in-plane drum to mount transducer sets at plus and
minus 45 degrees in addition to the paper's machine and cross directions. Our new mounts
were used with the transducers oriented to operate in the longitudinal mode at + 45
degrees. Figure 6 presents the squared velocity ratio, (sqr((Vel +45)/(Vel -45), for the six
section roll of three different 42# liners, a 69# liner, and a 26# medium. These two
measurements are not sufficient to determine the polar angle, but do provide an indication
of the in-plane stiffness alignment.
Conclusions
A number of improvements have been developed in the sensors and data collection system:
* The use of an acrylic delay line or "shim" provides a means to sense temperature changes
in the wheels and to correct the data for changes in temperature during a run.
* The use of a pulse echo driver provides "shim" time data independent of the sample. It
also provides the basis for capturing pulses without scope jitter.
* Data processing techniques are in place to determine the time differences of ZD pulses
to within a single nanosecond.
* Fast averaging for integral revolutions of the wheels compensates for variations in the tire
thickness and roundness.
* The option of using an independent caliper measuring instrument in conjunction with the
fluid-filled wheels was added and performance demonstrated.
* New in-plane transducers and holders are easier to use and provide for improved
reproducibility in the coupling of the transducer to the paper web. In-plane performance
has been demonstrated for a variety of commercial grades and a variety of combinations of
MD and CD shear and longitudinal velocity measurements.
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We have demonstrated the feasibility of measuring the ZD ultrasound velocity in the
laboratory with paper webs moving at web speeds up to 2000 feet/minute.
We have demonstrated reliable in-plane measurements at speeds up to 600 feet/minute, and
have a flexible system for making in-plane measurements on reel samples in the laboratory.
We hesitate to operate the present drum at higher speeds without a redesigned replacement
at hand and without additional electronics to take advantage of higher speed.
Future Activity
Final report for DOE Contract No. AC05-86CE40777.
Seek industrial partners (a vendor of measurement and control instrumentation and a host
paper company) to develop and install a commercially viable system.
Seek continued DOE support for work toward commercialization.
Continue to improve hardware and refine data collection procedures to demonstrate
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Figure 6. In-Plane Data, Ratio of the Square of Longitudinal
Velocity Measured at Plus and Minus 45 Degrees to
Machine Direction, Six Section Roll (see Figure 3).
























Process, Properties, Products Relationships
P. Brodeur
$100,000.
March, '91 - March, '92
Engineering and Paper Materials Division
PPPR
3467
From April 91 to October 91:
Develop relationships between critical physical properties of paper
and board materials and the selection of raw materials, the principles
of sheet design, processing conditions, and end-use performance.
From November 91 to March 92:
Understand fundamentals of wet fibers interacting with a standing
ultrasonic wave field and more particularly investigate wet fiber
flexibility.
From April 91 to October 91:
(1) Non-destructive Ultrasonic Evaluation of Paper Materials
- Improve accuracy of static measurements in FFW technique.
- Investigate sound dispersion and attenuation in paper materials.
- Prepare experimental setup for determination of moisture and
temperature effects on ZD elastic properties.
(2) Plasma Processing of Paper Materials and Investigation of Paper
Internal properties
- Perform preliminary plasma-assisted etching experiments.
- Develop techniques to evaluate thickness direction internal stress
distribution.
(3) Non-destructive Microwave Evaluation of Paper Materials
- Perform exploratory fiber orientation microwave measurements.
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(4) Acoustic Radiation Pressure Effects on Fluid Suspended Fibers
- Prepare a research proposal about fiber flexibility measurements.
From November 91 to March 92:
- Develop and test prototype acoustic resonators.
GOALS FOR NEXT PERIOD: (April 92 - March 93)
- Develop and test prototype acoustic resonators. 
- Develop a flow loop (fiber transportation system) and an optical
probing system.
- Optimize acoustic and flow parameters using artificial fibers.
- Determine acoustic radiation pressure effects on individual
artificial fibers at zero flow velocity.
SUMMARY: ·
1. Non-destructive Ultrasonic Evaluation of Paper Materials 
0
A through-transmission, dry-contact ultrasonic technique aimed at investigating sound
propagation in the thickness direction of paper materials is presented. The method uses 
piezoelectric ceramic transducers immersed in fluid-filled rubber wheels. Thickness and ·
longitudinal velocity are determined from time domain measurements for several
0
commercial paper specimens between 40 and 1750 glm. Dispersion and attenuation 
measurements are reported at frequencies up to 1.5 MHz. Amplitude calculations are used ·
to evaluate the sound attenuation coefficient and to predict an apparent reflection coefficient.
Using a nearly local form of the Kramers-Kronig relationships, the attenuation coefficient 
is also obtained from phase information. It is shown that the amplitude and phase ·
determined attenuation coefficients are generally in good agreement for papers thicker than




___ ____ _  ~~~~~0
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Results show a linear relationship between the loss attenuation and the sample thickness.
While the attenuation coefficient appears to be inversely related to the elastic modulus for
some of the tested specimens, it could not be correlated to the apparent density and air
permeability. There is enough experimental evidence to support a relationship between the
apparent reflection coefficient and the apparent surface roughness of paper.
An experimental setup was developed to perform simultaneous ZD, MD and CD
longitudinal velocity measurements as a function of moisture content and temperature.
While the FFW technique is used to gather ZD measurements, two bender transducers'
assemblies are used to collect in-plane data. Experiments are performed in a humidity
controlled cabinet. The setup is ready for preliminary experimentation with linerboard
samples.
2. Plasma Processing of Paper Materials and Investigation of Paper Internal Properties
Preliminary plasma-assisted etching experiments were conducted on linerboard specimens
to assess this non-mechanical method as an effective layer removal technique in lieu of
surface grinding. Results obtained for 33# and 69# linerboards were generally
inconclusive because they were intended to be qualitative instead of quantitative.
Since paper internal properties such as the internal stress distribution can be obtained from
curvature measurements, an instrument was developed to determine accurate curl and twist
components. The Automated Curvature Evaluation (ACE) instrument uses an optical
triangulation method to obtain a three-dimensional mapping of a specimen's surface.
Using a simple mathematical treatment, MD, CD and MD-CD curvature components and
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3. Non-destructive Microwave Characterization of Paper Materials
No progress was made in this project during the past year.
4. Acoustic Radiation Pressure Effects on Fluid Suspended Fibers
A proposal concerning the investigation of wet fiber flexibility in a standing wave field was 
prepared. As this project involves the development of prototype acoustic resonators,
contacts were established with a small consulting firm to handle this specific task.
0
INTRODUCTION: 
In agreement with goals presented in the April 1991 PAC report, Project 3467 was 
subdivided into four sub-projects in an attempt to explore and develop unusual research 
interests about physical properties of paper materials. These topics are:
- Non-Destructive Ultrasonic Evaluation of Paper Materials
- Plasma Processing of Paper Materials and Investigation of Paper Internal Properties 
- Non-Destructive Microwave Evaluation of Paper Materials 
-Acoustic Radiation Pressure Effects on Fluid Suspended Fibers
The short-term objective of this strategy is to deepen, diversify and rejuvenate physics and 
paper material science at the Institute. Eventually, these efforts, fused with others at the 
Institute, should lead to the creation of an integrated and unique academic research program
on paper materials. A draft mission statement for this program is as follow: 
0
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"To provide an integrated and highly competitive ground for national strategic
research and development in the designated area of paper materials. The program's
mission will complement IPST educational mission regarding fundamentals of .
paper materials and paper-related instrumentation."
The proposed program is aimed at stimulating and supporting physical processes and end-
products of the Pulp and Paper Industry in an era of strong competitiveness. In October
1991, it was decided to scale down the scope of Project 3467. Work performed during the
last year is now reviewed for each sub-project.
A. Non-Destructive Ultrasonic Evaluation of Paper Materials
1. Sound Dispersion and Attenuation in the Thickness Direction of Paper Materials
Most of the research work in the area of non-destructive evaluation of paper materials has
been dealing with fundamentals of sound propagation in paper using the fluid-filled Wheels
(FFW) technique. This technique is proposed for on-line monitoring of ZD elastic
properties of a moving paper web (Project 3332, Maclin S. Hall). More particularly,
sound dispersion and attenuation were investigated for several machine-made papers
ranging from 40 to 1750 pul. This initial program is now completed and a paper to be
submitted to the Journal of The Acoustical Society of America was prepared. Since this
paper describes the work accomplished, the reader is referred to a near-final version in
Appendix A. The main conclusions are:
- Best FFW measurements are obtained for specimens thicker than 200 pim.
- Dispersion is weak in paper in the frequency range 0 to 1.5 MHz.
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dispersion measurements and vice-versa.
-Attenuation at constant frequency appears to be inversely related to the elastic
modulus, providing that physical properties are uniform for a category of paper.
This was case for linerboards.
- The sound attenuation coefficient is not a function of thickness, apparent density 
and air permeability. 
- Loss attenuation is linearly related to sample thickness. Hence, thickness (number
of fiber layers) is a limiting factor in sound transmission. 
- Observations support fiber scattering as the primary mechanism for sound
dispersion and attenuation.
- The apparent reflection coefficient determined in a through-transmission mode ·
appears to correlate to the apparent surface roughness of paper.
- Reflectivity can be measured directly using natural rubber tires. This is not the case
for molded urethane (hard rubber) tires. 
Based on the above conclusions, the following research work could be done:
-Perform sound dispersion and attenuation measurements on hand-made papers to
study relationships with fiber dimensions, wet pressing, wet straining, etc.
-Implement on-line sound attenuation measurements to monitor internal bond 
strength and possibly sheet delamination.
-Investigate reflectivity as a function of surface roughness and demonstrate that a
dry-contact, double-sided, pulse-echo technique could be used for continuous *
monitoring of surface roughness independently of air permeability (especially
useful to predict printing behavior of linerboards).
Study problematic ZD elastic stiffness measurements for paper specimens thinner 
than 100 gLm.
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·
- Investigate sound dispersion and attenuation in the plane of paper.
· 2. Moisture Content and Temperature Effects on Paper Elastic Properties
*
* The purpose of this project concerns the evaluation of moisture and temperature effects on
* ZD measurements using the FFW setup. The ultimate goal is to substantiate a database in
order to apply correcting factors on continuous measurements in a paper mill. Simulation
* experiments will be performed in a controlled relative humidity/temperature chamber. The
· research work will be carried on primary by Sherri Lail, an Institute M.S. student. The
current status of the project is as follow:
· As illustrated in Figure 1, the experimental setup is completed and preliminary experiments
are ready to go. One can see the remote control FFW setup using hard rubber tires. Paper
* specimens are inserted in the nip between the wheels by a 90 degree rotation of the wheels.
· A plastic delay line has been placed in front of one of the transducers to monitor
temperature in the FFW system. In order to gather additional insight about the
* fundamentals of ZD measurements, two in-plane transducer assemblies have been installed
· in the chamber. They can be seen on the right side of Figure 1. In this manner, it will be
possible to perform simultaneous recordings of ZD, MD and CD longitudinal sound
* velocities at any specified moisture and temperature. Moisture content will be monitored
* with a computer-controlled balance located on the top of the chamber. A mini hypodermic
probe thermocouple will be used to monitor temperature inside one of the specimen.
· It is planned to gather data from three linerboard materials (26#, 42# and 69#). Hence,
three successive experiments will be conducted. The available relative humidity and
*·^ ~ temperature ranges are 40% to 100% and 40 °C to 60 °C, respectively. The upper
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temperature limit could be increased if preliminary experiments are successful with glycol
instead of water in the fluid-filled wheels.
B. Plasma Processing of Paper Materials and Investigation of Paper Internal Properties
(Collaboration: J. Waterhouse)
1. Plasma-assisted Etching of Paper
Physical properties of paper materials like the thickness direction internal stress distribution
can hardly be measured by non-invasive techniques like tomography or ultrasonic
characterization. In order to achieve this goal, one must rely on destructive techniques to
remove layers of material and make direct measurements on internal surfaces. Sheet
splitting and layer removal methods are among the techniques available to investigate paper
internal properties. Former methods generally produce non-reproducible results, and
therefore, must be discarded. Later methods are more appropriate because they involve
removal of successive layers of known thickness while attempting to minimize adverse
effects in the bulk material.
Surface grinding is the most familiar layer removal method. However, due to its inherent
mechanical aspect, it is somewhat problematic for papers. This is a process that may
induce permanent damage in the unground bulk material. Stresses due to friction and
heating effects cannot be disregarded. Some of the ground material may not be thrown
away, but rather captured by the bulk material, thus altering its porous nature. Also,
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In view of the concerns associated with the mechanical aspect of surface grinding, more
"gentle " layer removal techniques need to be explored. In this project, we are primary
concerned with the plasma-assisted etching technique which is widely used in the
semiconductor industry. Plasma etching is the result of of two physicochemical effects:
energetic free electrons in the plasma dissociate the neutral gas in the plasma to create
chemically reactive species; free positive ions are accelerated by the plasma electric fields to
surfaces bounding the plasma. Reactive species created in the plasma diffuse to surfaces
and adsorb. The combination of neutral species adsorption and positive ion bombardment
results in surface chemical reaction. If the products of the reaction are volatile, they leave
the surface and etching occurs.
Although the technique was recently tested on paper materials, its physical effects were not
studied, nor it was compared to surface grinding. So, the first task is to assess the
technique as an efficient way to determine paper internal properties. Following that path,
very preliminary experiments were performed last summer at Ecole Polytechnique de
Montreal (EPM). Two linerboards (33# and 69#) were tested.
Experiments were carried on using the EPM large vessel plasma-etching system at
minimum microwave power to maintain a linear etch rate in a pure oxygen plasma. The
33# linerboard was etched at 38% (38% of the material removed) while the 69# linerboard
was etched at 7, 16 and 18%. Etched samples were compared to surface ground (33# @
40%; 69# @ 10 and 20%) and control specimens. Unfortunately, the planetary system
typically used to rotate samples during the treatment and improved etching uniformity was
not installed.
Micrographs for the 69# linerboard can be seen in Figure 2 (control), Figure 3 (surface







































Project 3467 Status Report Page 28 
When compared to surface grinding, it appears that plasma etching induces more damage.
This may be attributed to the plasma wavefront depth effect. Air permeability
measurements increase for etched and ground samples when compared to control
specimens. While surface roughness decreases for ground samples, it increases for etched
specimens. 
Considering the non-uniformity of the plasma treatment and the fact that plasma parameters
were not optimized (including the use of a different gas mixture), one shall consider plasma ·
etching results as inconclusive at the present time. It is clear that a scientific approach to
plasma etching experiments is required if one wants to understand the behavior of plasma
etching on paper materials and determine the effectiveness of plasma etching as a layer ·
removal method. 
2. Development of the Automated Curvature Evaluation (ACE) Instrument 
Assuming that a appropriate layer removal technique is available to determine paper internal
properties (either surface grinding, plasma etching or laser ablation), it still remains to ·
develop a method to evaluate these properties. More particularly, curvature measurements
as a function of weight loss can be used in conjunction with a depth-varying Young's
modulus modified Treuting and Read numerical procedure to determine the ZD internal 
stress distribution. Since the standard template method is rather inadequate to gather
accurate curvature measurements, a more efficient technique is required. Research in this
area has lead to the development of the Automated Curvature Evaluation (ACE) instrument. ·
0
The AACE method uses an optical triangulation technique to obtain a three-dimensional
mapping of a specimen's surface. A laser head installed on an X-Y table and mounted over 0
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coordinates are recorded by a computer. A simple mathematical treatment is used to
calculate gradients along the X and Y axes from which the MD, CD and MD-CD curvature
components and the twist angle can be determined. Spatial resolution can be varied to
improve accuracy. The method is insensitive to the scanning direction.
Typical measurements for a 42# linerboard sample are presented in Figure 5 (CD scan).
MD and CD curvatures are reported in Figures 6 and 7, respectively. The twist component
is shown in Figure 8. In order to verify calculations, the specimen's surface was
reconstructed using all three curvature components. It is displayed in Figure 9. It is
shown to agree very well with the mapping determined experimentally.
Results were obtained with a prototype instrument which is unsuitable for quality
measurements. A second version prototype using an adequate optical displacement sensor
and an X-Y table remains to be developed. Depending upon the required accuracy,
measurements could be obtained very rapidly (especially if only one curvature component
is requested). Such an instrument could be built in such a way as to process horizontally or
vertically oriented samples. Measurements are less sensitive to gravity in the second case.
Also, the vertical geometry offers the possibility of recording data from vertically
suspended samples through the window of a standard humidity/temperature controlled
cabinet without the need for modification to this cabinet Finally, the software used to
collect and process data is user friendly and can be customized very easily. Consequently,
the ACE instrument could be used as a research or production tool. It could also be used
for training and simulation.
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This IPST-GTRI joint exploratory research project has for main objective to determine the
fiber orientation angle with respect to a reference axis (MD) using a non-contact free-space
microwave characterization technique. If successful, the technique could be implemented 
for on-line fiber orientation monitoring of large basis weight papers. On a more 
fundamental basis, a comparative investigation of microwave- and ultrasonic-determined 0
fiber orientation angle would provide further insight on this measurement as a function of
several formation parameters (e.g. influence of drying restraints). 
Due to the unavailability of exploratory research funding, this project is postponed. The
reader must refer to the April 1991 PAC report for additional details on the proposed work.
D. Acoustic Radiation Pressure Effects on Fluid Suspended Fibers
When subjected to acoustic radiation force and torque in a standing ultrasonic wave field, 
water suspended fibers migrate and reorient toward stable equilibrium spatial and angular
positions, respectively. These phenomena are described as acoustic migration,
agglomeration, layering or positioning, and acoustic reorientation or alignment. Since wet
fiber manipulation can be achieved without any mechanical contacts, acoustic radiation
pressure effects can provide powerful tools for process control. Applied to individual 
fibers and combined to laser scanning techniques, they have the potential for simultaneous
on-line characterization of physical properties such as flexibility, length and coarseness,
and for continuous virgin/recycled furnish identification. Applied to fiber networks, they 
have the potential for the development of advanced techniques aimed at fiber compactibility
analysis, fiber layering and fine-tuning fiber alignment.
A research proposal was completed to specifically address flexibility of wet fibers. The




Efficient acoustic resonators are determinant in this project. In agreement with our requirements
and specifications, a small consulting firm (Sonic Concepts - G. Keilman) has proposed to build
up to six prototype acoustic resonators. The development program will be conducted in such a
way as to allow modifications and/or improvements to the initial design. Figure 10 shows a
schematic (top and side views) of a typical resonator. We can distinguish the piezoelectric ceramic
transducer, the rectangular resonant cavity, the acoustic reflector, and the cavity sides made of
glass to facilitate optical probing of the fiber suspensions. Cavity dimensions are: 1 cm (transducer
width) X 1 cm (cavity length) X 10 cm (acoustic dwell length). An array of five PVDF type
integral hydrophones is mounted on the reflector surface to monitor the acoustic power.
Hydrophones will be electrically shielded and protected from water. In addition, transducers will
be isolated by a thin copper foil and Teflon film to reduce RF interference. Sonic Concepts
proposal includes an option to calibrate hydrophones. A programmable function generator and a
variable gain, low frequency power amplifier (80 - 2700 kHz bandwidth; 400 W maximum
electrical power) will be used to power transducers. It is not planned to design a temperature
compensation electronic circuit to stabilize the acoustic wavelength.
Flow Loop Development
A flow loop is necessary to transport fiber suspensions and to allow experiments at variable low
Reynold's number flow conditions. It is beyond the project's scope to investigate various flow
regimes. Fibers will be diluted into distilled and/or tap water. Low consistency should prevent
flocculation. Since cavitation might be a problem at RF frequencies and large acoustic power, a
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temperature circulation system will be utilized to stabilize water temperature within ±0.01°C and to
study temperature effects. 
Acoustic Positioning and Alignment
Although unpublished experimental observations have shown that slowly moving fibers in a
standing wave field agglomerate, no formal study of this phenomenon has been done under
various acoustic conditions. Due to experimental limitations, acoustic alignment was observed for 
short fibers only. Therefore, a thorough investigation of fiber behavior in a standing wave field
must be undertaken before attempting flexibility measurements. The following parameters will be 
analyzed: acoustic wavelength, acoustic power, dwell time in the acoustic field (flow velocity), 
fiber length and coarseness, fiber consistency, fiber weight, air content of water, and temperature.
If time permits, a computer simulation of acoustic positioning, alignment and levitation will be
attempted. 
In order to evaluate acoustic wavelength effects, resonators operating at 150, 600 and 2400 kHz
are proposed. Assuming a sound velocity in water of 1492 m/s at 23°C, approximate acoustic 
wavelengths are 10, 2.5 and 0.625 mm, respectively (see Table 1). Since the cavity length is set
constant to 1 cm, the number of pressure loops or layer planes are 2, 8 and 32, respectively.
Providing that the transducers can be excited at harmonic frequencies, other pressure loop 
arrangements could be studied as well.
Ratios a / (/4) and I / (/4) for a 15 im radius and 3 mm length rigid cylinder are presented in ·
Table 1. In agreement with equation (1), the distributed acoustic force is maximum at 2400 kHz.
Since an average length of 3 mm is well above the quarter wavelength requirement at this 
frequency, a randomly oriented, stationary, 3 mm fiber will be subjected to opposite forces. ·
However, a different behavior is predicted when it is not at rest. In that case, it will experience a
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funnel-like effect due to alternate regions of compression and rarefaction in the vicinity of the
acoustic field (analogy to slicing). Thus, fibers exceeding /4 will be constrained to rotate during
their dwell time in the acoustic field. Since fiber alignment should depend upon flexibility,
monitoring of the alignment process may provide one method to analyze flexibility. Whatever the
acoustic wavelength is, it is expected that the acoustic torque will be mostly responsible for short
fiber reorientation.
Table 1 Acoustic resonators specifications
Frequency (kHz) 150 600 2400
Number of layers (N) 2 8 32
X (mm) 10 2.5 0.625
i/4 (mm) 2.5 0.625 0.1563
a/ (/4) a = 15 Amn 0.006 0.024 0.096
1/ (X/4) 1 = 3 mm 1.2 4.8 19.2
The specified acoustic dwell length is 10 cm. This figure is somewhat arbitrary. At constant
acoustic wavelength and power, the dwell length is most likely to be inversely proportional to the
required flow velocity to achieve complete positioning and/or alignment. Since a single resonator
can only reorient fibers along a plane perpendicular to the standing wave field axis, two orthogonal
resonators are necessary to achieve three-dimensional reorientation. Two configurations are
proposed. In the first one, two resonators are mounted in one assembly (no viewing ports
available). In the second one, fibers circulate in two successive resonators. The first arrangement
should be more efficient, but at the expense of optical probing (unless small holes are drilled in the
reflectors to allow backscattering measurements). At this point, one can argue about the selected




























axis, radial excitation in a thin wall tube geometry would probably be more appropriate.
Evaluation of this geometry is reserved for future work.
Selection of Fiber Suspensions
As length and coarseness of papermaking fibers are approximately related for a given wood
species, it is not easy to distinguish dimension effects. Hence, it is a prerequisite to make
preliminary measurements with synthetic fibers of constant length and variable coarseness and
variable length and constant coarseness. It is proposed to utilize rayon fibers. Available deniers
are 1.5, 3, 4.5 and 5.5, and length figures will range from 0.2 to 5 mm. Since kraft pulp fibers
are considerably more flexible than TMP pulp fibers, these two types of pulp are suggested for
flexibility analysis. Never-dried length classified and whole pulp samples will be tested.
Optical Probing
A linearly polarized, collimated Helium-Neon laser beam was chosen for optical probing.
Providing that thin light sheets are superimposed to pressure loop planes, fiber migration toward
pressure loops can be studied as a function of the scattered light. At sufficiently low consistency,
it was found that the scattered light is proportional to the number of fibers. Birefringence
monitoring is appropriate to examine fiber alignment and flexibility.
Acoustic Levitation and Fiber Flexibility Investigation
Assuming that acoustic positioning and alignment can adequately be obtained at very low
consistency for papermaking fibers, the flow velocity will be reduced to a minimum in order to
levitate very slowly moving fibers. Since fibers are unlikely to rotate, whatever the acoustic force
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*
effects to a maximum, so as to straighten fibers. In that manner, a relationship may be established
* between the distributed force and fiber flexibility. A cathetometer will be used to monitor the
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Sound Dispersion and Attenuation in the Thickness Direction of
Paper Materials
Pierre H. Brodeur, Maclin S. Hall and Chris Esworthy
Institute of Paper Science and Technology, Atlanta, Georgia 30318
Received
A through-transmission, dry-contact ultrasonic technique aimed at investigating sound propagation ·
in the thickness direction of paper materials is presented. The method uses piezoelectric ceramic
transducers immersed in fluid-filled rubber wheels. Thickness and longitudinal velocity are 
determined from time domain measurements for several commercial paper specimens between 40 
and 1750 g±m. Dispersion and attenuation measurements are reported at frequencies up to 1.5
MHz. Amplitude calculations are used to evaluate the sound attenuation coefficient and to predict 
an apparent reflection coefficient. Using a nearly local form of the Kramers-Kronig relationships, ·
the attenuation coefficient is also obtained from phase information. It is shown that the amplitude
and phase determined attenuation coefficients are generally in good agreement for papers thicker
than 200 gm, indicating that the Kramers-Kronig relationships are applicable to paper materials.
Results show a linear relationship between the loss attenuation and the sample thickness. While
the attenuation coefficient is inversely related to the elastic modulus for some of the tested 0
specimens, it could not be correlated to the apparent density and air permeability. There is enough 
experimental evidence to support a relationship between the apparent reflection coefficient and the
apparent surface roughness of paper. 
PACS numbers: 43.35.Cg, 43.35.Yb ·
Status Report
INTRODUCTION
Ultrasonic characterization of metals, plastics and composites is typically best accomplished by
immersion coupling in a water tank or by using a coupling agent such as a viscous fluid or epoxy.
For obvious reasons, standard methods of coupling are prohibited for paper materials and one has
to rely on dry coupling. Under this exclusive prerequisite, use of contactless methods based on
air-coupled transducers or laser-ultrasonics techniques would be the ultimate goal to achieve.
However, these methods have been marginally applied to paper. The remaining alternative is dry-
contact coupling which has led to the successful development of highly specialized ultrasonic
techniques. Papers have rough surfaces on a macroscopic scale. Thus, dry-contact coupling using
hard-platen transducers is inadequate. Coupling efficiency is enhanced by placing thin
conformable rubber layers between transducers and specimens.
Papers are heterogeneous and porous materials made of a complex network of wood fibers. Pore
dimensions are strongly related to fiber dimensions. Wood fibers have lateral dimensions of about
10 to 50 inm. Considering that paper thickness typically ranges from 50 to 1500 gm, the number
of fiber layers can be fairly limited in some cases. The highly porous structure of papers specifies
that scattering will be the preferential mechanism for sound dispersion and attenuation.
Calculations with a sound velocity of 300 m/s show that this will occur at low MHz frequencies.
While the primary interest in gathering ultrasonic information from paper concerns the three-
dimensional investigation of paper elastic stiffness behavior, 123,4 a self-contained study of sound
dispersion, attenuation and reflection phenomena is not yet available. Using 2.5 MHz piezoelectric
ceramic transducers and neoprene buffers, dispersion of longitudinal waves was studied between
1 and 2 MHz for a limited number of machine-made papers.3 It was observed that there is a
detectable increase in phase velocity as frequency increases (few percent variation). A pulse-echo
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sound transmission through paper from reflection measurements at the rubber-paper interface.5
Although measurements were sensitive to paper specimens, they were inconsistent with calculated 
reflection coefficients.6
On-line through-transmission methods were recently proposed as a mean of inferring strength 
properties of paper from elastic stiffness measurements. 7 One of these methods, the fluid-filled
wheels (FFW) technique, has emerged as a strong candidate for continuous monitoring of
thickness direction paper strength properties in a paper mill. 8 The FFW technique uses stationary ·
piezoelectric ceramic transducers mounted on the axles of fluid-filled rubber wheels in contact with 
the moving paper web. With the exception of dry-contact coupling requirements, the FFW 
transducers' arrangement is similar to the emitter-receiver assembly typically used for immersion
testing. 
In its basic configuration, the FFW technique allows simultaneous determination of paper
thickness and travelling time in paper, from which the thickness direction longitudinal sound 
velocity is evaluated. Since it is relatively straightforward to collect additional information in the
frequency domain, the FFW technique makes it ideal under the present state of knowledge to
0
investigate sound dispersion, attenuation and reflection phenomena for paper materials. Moreover, 
it allows verification of the Kramers-Kronig relationships for paper materials under dry-contact
coupling conditions. We are reporting here the findings of time and frequency domain 0
measurements for several commercial paper specimens. These papers, which do not necessarily
exhibit uniform physical properties, were deliberately chosen to establish some general trends on 0
how sound propagates through the thickness direction of paper. A laboratory version of the on-
line FFW technique was used throughout the study.
0
The paper is structured as follows: principles of time domain measurements using the fluid-filled-
wheels technique are first reviewed. Principles of sound dispersion, attenuation and reflection
0
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measurements in the frequency domain are introduced. Next, the experimental procedure is
described. Measurements are then presented and discussed; relationships to some of the physical
properties of paper are examined.
I. TIME DOMAIN ANALYSIS
A schematic of the fluid-filled wheels measurement technique is presented in Figure 1. Two
identical, broadband piezoelectric ceramic transducers are mounted on the axles of identical wheels;
they are aligned in a transmission mode configuration. Water is used to acoustically couple the
stationary transducers to the free-to-rotate wheels. Tires are under constant mechanical pressure to
provide maximum coupling at rubber-paper interfaces. The transducers' separation distance is
fixed. Thus, the sound path in water is decreased by an amount equivalent to paper thickness
when a specimen is inserted in the nip between the wheels. It is assumed that the rubber thickness
does not vary during the insertion process and that the air gap thickness at the rubber-rubber
interface is negligible when compared to paper thickness. The directly transmitted pulse is defined
as pulse #1 in Figure 1. Since this pulse travels through mediums with different impedances,
several reflection-delayed pulses are created. Assuming that these pulses do not interfere with
each other by adjusting the transducers' relative positions with respect to the nip and by selecting
an appropriate rubber thickness, only a few of them are of practical interest. This is particularly the
case for the pulse #2 in Figure 1. Time delay measurements between pulses #1 and #2 can be used
to determine the sample thickness, h, and the travel time, th, through the sample. Mathematical
details for the measurement technique are reported elsewhere. 8 They are summarized here.
Providing that the sound velocity in water is given by va, it can be shown that h is
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where At2 1 = t2 - t1 and At2' 1 = t2 , - t are the time differences between pulses #1 and #2
collected without and with a specimen in the nip, respectively. Travelling time through paper is
given by
th = Atl. + h/va (2)
in which Atll = t 1, - t1 is the time difference for the directly transmitted pulse recorded with and
without a specimen in the nip. It is of interest to note that Eqs. (1) and (2) are independent of the
selected separation distance between the transducers and their relative positions with respect to the
nip. Under the assumption of uniform rubber tire thickness, they are also independent of the
travelling time through the rubber paths. In practice, the latter hypothesis is not verified due to
insufficient tire uniformity. For this reason, va does not strictly correspond to the sound velocity
in water and it must be interpreted as an apparent sound velocity, i.e. a calibration factor that needs
to be determined.
From the ratio of Eqs. (I) and (2), the thickness direction (z-axis) longitudinal sound velocity is
vz = h/th = 1 / {Atll/h + 1/va) (3)
vz is related to the elastic stiffness coefficient C33, and the sheet apparent density, p, such that 
Vz2 = C33/p - Ez/p (4)
Since papers are thin materials, it is a reasonable assumption to consider C 33 to be nearly equal to
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FREQUENCY DOMAIN ANALYSIS
iound Dispersion
When the velocity of a sound wave propagating through a medium is changing as a function of
frequency, the medium has dispersive properties. In order to determine the dispersion of a solid
specimen, Sachse and Pao9 proposed a phase measurement technique in which transducers are
brought into contact with each other for a "reference" pulse and then brought into direct contact
with the specimen to obtain a "specimen" transmitted pulse. In the water immersion testing method
introduced by Lee et al. 10 , the reference and specimen pulses are obtained without and with the
specimen in the water path. This method is an improvement over Sachse's technique which is
dependent on the transducer-sample interface.
Using similarity arguments to Sachse's and Lee's methods, pulses collected without and with a
specimen present in the nip between the rubber wheels can be used to gather dispersion
information with the fluid-filled wheels technique. Since the impedance of rubber exceeds the
impedances of air and paper, it is assumed here that coupling at both rubber-paper interfaces is not
significantly different from coupling at the rubber-rubber interface, nor it is significantly affected
by different specimens.
Considering that dispersion is negligible in water and rubber at low MHz frequencies. The spectral
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where Ur(co) and Us(co) are the amplitude spectra, -(c(o) and -Os(co) are the phase spectra and co =
27f is the angular frequency. The net phase produced by the specimen inserted in the nip is
>(c0) = -<r(C) - (- <s(O)) + 2tf h / Va (7)
where h is the equivalent paper thickness in the water path. The dispersion relationship described
by the propagation constant 6 is
P = <(co)/h = A /h + 2tff/Va (8)
in which AO = s(co) - r((o) is the phase difference. The phase velocity is given by
vp(f) = cO/P = Va/ [1 + (vaA / 27fh)] (9)
At zero frequency, the phase difference is zero (no wave propagation) and therefore, vp(O) is
indeterminate.
We can also define the group velocity which corresponds to the rate of change of the phase velocity
as the incident pulse propagates through the specimen.
Vg(f) = dco/d3 = va/[l + (Va/27th)(dAO/df)] (10)



























B. Sound Attenuation and Reflection
The decrease in amplitude of a sound wave as it propagates through a specimen is described as
sound attenuation. This phenomenon is usually attributed to absorption, which is related to the
material structure, and/or to scattering, which is related to the material component dimensions with
respect to the ultrasonic wavelength. In a typical transmission arrangement involving immersion
coupling, the amplitude of the transmitted pulse through a specimen is a function of sound
attenuation and reflectivity at the water-specimen boundary. For the fluid-filled wheels technique,
a complication arises from coupling efficiency at both paper-rubber interfaces. This difficulty can
be overcome by defining an apparent reflection coefficient, Ra, which accounts for reflectivity at
the incident interface and coupling efficiency at both interfaces. Neglecting sound attenuation in
water and rubber, it can be shown that10
a(f) = (-1 / h) n [(Us(f) / Ur(f) ) / (1 - Ra2)] (11)
in which Us(f) / Ur(f) is the amplitude ratio of the specimen and reference pulses. The loss
attenuation is given as the product of a(f) by the thickness h.
Since an acoustic medium is a causal system, the attenuation coefficient is related to the phase
velocity by the Kramers-Kronig relationships. In other words, sound attenuation can be predicted
from the dispersion information and vice-versa. Assuming that the phase velocity does not vary
rapidly with frequency (absence of sharp resonance), the non-local Kramers-Kronig relationships
can be approximated by nearly local relations. 11 In that particular situation a simple expression for
the attenuation coefficient is obtained:
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Substituting Eq. (9) for vp(co = 27tf), one has:
a(f) = (-nf 2 / 2h) d[A / f] / df (13)
Eqs. (11) and (13) can be equated to predict the apparent reflection coefficient:
Ra = [ 1 - (Us(f) / Ur(f)) / exp [O.5sf d[A / f] / df ] ] (14)
On the basis that direct reflectivity measurements as obtained in a typical pulse-echo detection
scheme cannot be obtained with the FFW setup (see Sect. III B), the apparent reflection coefficient
can provide useful information on rubber-paper coupling efficiency which somehow must be
related to the surface roughness of paper.
III. EXPERIMENTAL PROCEDURE
A. Water-filled Wheels Setup
Referring to Figure 1, two identical, unfocussed, immersion-type, broadband piezoelectric ceramic
transducers from Panametrics were used to launch and receive ultrasonic pulses. They were
mounted on standard probe wheels obtained from Dapco Industries. Transducers with an active
area diameter of 19 mm and with nominal resonant frequencies of 1.0 and 2.25 MHz were used in
the course of the study. Excessive sound attenuation in paper above 2 MHz limited the use of the
2.25 MHz transducers for frequency domain analysis, and therefore, only measurements collected
with the transducers resonating at 1 MHz are reported here. Standard transducers with quarter
wavelength matching layers were replaced by special transducers with X/20 faceplates. In this
manner, interference from reflected pulses at the transducers' ceramic-faceplate interfaces was
insignificant. Loss in sensitivity for the special transducers did not have adverse consequences.
An optimized ratio of 0.67 between the transducers' relative positions with respect to the nip was
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selected to prevent interference between the various reflection-delayed pulses. Although
asymmetric, the FFW transmitter-receiver configuration was shown to be reciprocal.
A 1 MHz full cycle sine wave amplified with a 50 dB gain wide-band power amplifier was used as
· the incident pulse waveform. Its amplitude was varied from 10 VRMS for reference measurements
* to 200 VRMS for thick specimen measurements (1.75 mm) in order to improve the S/N ratio.
Incident and transmitted amplitudes were linearly related for all tested specimens. Received pulses
· were detected with a 34 dB pre-amplifier and captured on a one-to-one basis with a GPIB
· controlled 2432 Tektronix scope. Time resolution, record length and vertical resolution were 10
ns, IkB, and 8 bits, respectively. Signal averaging (32 successive acquisitions) was used to
* further improve the signal-to-noise ratio. Collected pulses were transferred to a 386 computer for
* later analysis. All measurements were performed at 50% RH and 23 oC in a controlled
environment.
* B. Dry Coupling using Rubber Tires
* Special pairs of molded urethane (hard rubber) and natural rubber (soft rubber) tires having an
* outer diameter of 16.5 cm were used on a comparative basis to optimize coupling efficiency. Both
set of tires were tested at an empirically determined separation distance between the wheels' axles.
* The directly transmitted reference pulse amplitude (#1 in Figure 1) was shown to increase when the
* distance was decreased; it stayed constant past a critical distance. By selecting the separation
distance slightly lower than the critical distance, acoustic coupling was found to be subjected to
· conditions of constant mechanical pressure and paper thickness independent contact area.
Under wet coupling with a film of water in the nip, no significant difference in pulse amplitude
* was observed for hard and soft tires. Under dry coupling conditions, the reference pulse
* amplitude was nearly twice as large for soft tires. Using a standard pulse-echo technique, it was
0
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found that reflectivity at rubber-paper interfaces depended upon paper samples for soft tires only.
While the above observations supported the hypothesis of better coupling efficiency for soft tires,
transmission measurements with increasingly thicker paper samples indicated that specimen pulse
amplitude deteriorated more rapidly for these tires. This unexpected contradiction in coupling
efficiency was attributed to enhanced acoustic coupling for thicker samples due to consistently
higher mechanical pressure with hard tires. Thus, improved sound transmission for hard tires lead
to the decision of using molded urethane tires for most of the experimental work in order to
investigate specimens up to 1.75 mm thick. Also, for reasons left unexplained, it was observed
that the frequency domain analysis was generally not satisfactory when soft tires were used.
Justifications for the use of hard tires in this work do not rule out soft tires for time domain
measurements when the specimen thickness does not exceed 1 mm; moreover soft tires are the
appropriate choice for direct reflectivity measurements. Only those measurements obtained with
hard tires are reported here.
At the selected wheels' axles separation distance, it was verified, using a Fuji ultra super low
pressure measurement film composed of a layer of microcapsulated color-forming material, that the
contact area between hard tires increased for thicker samples, thus supporting the affirmation that
the applied pressure did not significantly vary as a function of sample thickness. The pressure was
estimated to be less than 200 kPa, i.e. the lowest measurable pressure with pressure films. This
pressure was sufficiently low to avoid specimen deformation. In order to maintain as constant as
possible coupling conditions, specimens were inserted in the nip by rotating the tires to a specific
angular position instead of opening the gap between them. Finally, in agreement with a urethane
sound velocity of 1610 m/s, a 10 mm tire thickness was chosen to avoid pulse interference from



































In order to evaluate the measuring range of the FFW technique, a total of 29 machine-made
commercial paper specimens ranging from 40 to 1750 gm were tested. They were divided into
four distinct categories: "Fine Papers" which includes specimens under 100 lgm, i.e. copier and
writing papers, newsprints; "Corrugating Mediums" which are lightweight paperboards used for
the flutted inner plies of corrugated box boards (175 to 325 gim); "Linerboards" which are
paperboards used as facings of corrugated box boards (250 to 875 gm); "Heavy Boards" referring
to thick paperboards and cardboards (500 to 1750 gim). Of these four categories, linerboards
provided the most uniform subset in terms of physical properties. Specimens were tested in a
random order.
IV. TIME DOMAIN MEASUREMENTS
A. Pulse Analysis
Typical pulses collected without and with a specimen in the nip are displayed in Figure 2 (reference
and specimen pulses #1) and Figure 3 (reference and specimen pulses #2). All amplitudes are
relative to the amplitude of the reference pulse #1 in Figure 2. The paper sample chosen for the
purpose of illustrating measurements is a nominal 69# linerboard. 69# corresponds to 69
lb/1000ft 2 = 0.3 kg/m2; the thickness is 461 .m. Several observations can be denoted. The
approximate time delay for pulses #2 is 128 4is; they are free of interference. Specimen pulses are
delayed with respect to reference pulses. This is a consequence of the smaller sound velocity in
paper materials (typically from 150 to 500 m/s) when compared to the sound velocity in water.
Amplitudes for reflection-delayed pulses #2 are eight times less than amplitudes for pulses #1.
Considering that these pulses are subjected to four successive reflections, this eight-fold decrease
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truncated to keep the first half-cycle only. A cross-correlation procedure was used in combination
with a second-order interpolation routine to achieve a time resolution better than 5 ns. 
Pulses crossing specimens more than one time were not observed. Also, pulse distortion due to
multiple internal reflections was not detected. This does not mean that reverberation did not exist
for some of the specimens, especially for fine papers which have a thickness less than or
comparable to the acoustic wavelength. In order to evaluate possible effects of pulse distortion on
FFW thickness and travelling time measurements (Eqs. 1 and 2), preliminary measurements were ·
carried on with aluminum shims under dry coupling conditions. Although pulse distortion is
unavoidable for aluminum, results indicated that thickness measurements for specimens thinner
than 500 glm were not affected by internal reflections that could not be discriminated. In other 
words, pulses #1 and #2 have similar pulse distorsion. Time measurements were unsuccessful
because distorted specimen pulses are correlated with an "undistorted" reference pulse. As internal
reflections for papers thicker than 100 gm are unlikely to occur due to sound attenuation, one can ·
conclude that the presence of reverberation (if any) is an unlikely factor to affect paper thickness
evaluation. However, travelling time measurements should be affected. 
B. Calibration Procedure
Calibration of the FFW technique was handled with paper specimens rather than metal or plastic ·
shims in order to avoid reverberation problems. As a first step, the apparent water velocity va was
determined for each specimen, assuming a known thickness h in Eq. (1). The soft-platen
thickness, as measured using an experimental neoprene platen thickness gauge, l2 was used for that 
purpose. Then, the mean apparent velocity was obtained by averaging all 29 measurements.
Velocity results for three independent sets of measurements are depicted in Figure 4. It is shown
that the measurement accuracy is directly related to the specimen thickness. In fact, time 9
measurements for thin samples are so small (nanosecond range) that they are sensitive to tire
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relaxation effects when a sample is introduced in the nip. Although Figure 4 results for thin
samples show large variations, the calibration procedure was nevertheless quite satisfactory as
documented below with FFW thickness results.
C. FFW Paper Thickness
Eq. 1 was used in conjunction with an apparent velocity of 1510 ± 58 m/s to determine the FFW
thickness. Results for the three set of measurements as a function of the soft-platen (SP) thickness
are presented in Figure 5. Error bars for specimens other than fine papers were too small to be
shown. The graph indicates a linear relationship between the FFW and SP thicknesses over the
entire range of measurement. The average relative error is 3.6 % when all specimens are
considered; it is slightly less when fine papers are excluded. Accuracy could be considerably
enhanced by collecting more than three measurements per specimen and by specifying a calibration
for each category of papers. Also, one should take note that single location thickness
measurements are usually insufficient for paper materials due to local thickness variations.
D. Thickness Direction Longitudinal Sound Velocity
Using FFW thickness and travelling time measurements, the thickness direction FFW longitudinal
velocity was calculated using Eq. (3). It was compared to the thickness direction soft-platen (SP)
longitudinal velocity. This velocity was obtained using an experimental apparatus using a pair of
neoprene-plated PVDF transducers excited at 1 MHz and in direct contact with the sample.4 In this
instrument, the specimen thickness is determined by sensing the displacement of one transducer
with respect to the other using a linear-variable differential transformer. The travelling time is
evaluated by cross-correlating the transmitted pulse through paper with a reference pulse obtained
using an aluminum shim of known sound velocity; a correcting factor must be applied to
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Velocity results are depicted in Figure 6. Neglecting results for fine papers, the FFW velocity is
slightly lower than the SP velocity for medium specimens and slightly higher for linerboards and
heavy boards. No satisfactory explanation was found for this discrepancy apart from the fact that
the frequency content of the reference pulse is different in both methods of measurements.
Consequently, cross-correlation calculations should differ. Results strongly disagree for 4 of the 6
fine papers tested. This may be attributed to the FFW reference pulse frequency anomaly
explained later in Sect. V A. ·
0
V. FREQUENCY DOMAIN MEASUREMENTS
A. Pulse Frequency Content ·
Investigation of the frequency content of the directly transmitted pulses was accomplished using a 
fast Fourier transform procedure. Amplitude spectra Ur and Us associated to the pulses presented ·
in Figure 2 are displayed in Figure 7. Decrease for the specimen amplitude is due to sound
attenuation/reflection in paper and coupling efficiency differences. The frequency at maximum 
amplitude for the reference pulse is 0.70 MHz. This is less than the 0.74 MHz frequency obtained 0
with a water film in the nip. As a mean of comparison, results gathered with soft rubber tires
show that the frequency at maximum amplitude for dry and liquid coupling is 0.74 and 0.78 MHz,
respectively. Since the measured resonant frequency for the 1 MHz transducers is 0.87 MHz, it is 
postulated that geometric dispersion, dry coupling and molded urethane tire hardness are factors
contributing to the drop from 0.87 to 0.70 MHz for the reference pulse. The shift toward a lower 
frequency (0.46 MHz) for the 69# linerboard specimen maximum amplitude frequency is an
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The frequency at maximum amplitude was determined for all tested specimens. This is shown in
Figure 8 as a function of the FFW thickness. The reference frequency (0.70 MHz) is marked by
the arrow. Results indicate that the frequency content is inversely related to the thickness. Also,
distinct relationships can be established for each category of papers. It is quite surprising to
observe that qualitative curve fitting extrapolations for medium, linerboard and heavy board
specimens seem to predict a zero thickness frequency higher than the reference frequency and
closer to the frequency obtained with wet coupling conditions (0.74 MHz). Moreover, since the
fine paper frequencies are generally higher than the reference frequency, it is postulated that
acoustic coupling is somehow enhanced by inserting paper in the nip even though there will be two
rubber-paper interfaces instead of one rubber-rubber interface. One shall refer to the "reference
pulse frequency anomaly" to identify coupling differences when a specimen is or is not present in
the nip.
This reference pulse frequency anomaly impairs the observation of internal reflection effects.
Measurements obtained with specimens of uniform thickness direction properties but with variable
thickness would certainly contribute to a satisfactory solution to the internal reflection dilemma.
However, such hand-made papers are very difficult to produce because the formation process is
thickness sensitive. The idea of substituting the "dry" reference pulse by a "wet" reference pulse
(higher frequency content) was abandoned due to the excessive discrepancy between amplitudes.
B. Phase and Group Velocities
Phase spectra for pulses shown in Figure 2 are presented in Figure 9. The larger negative slope
for the specimen phase (Os) is in agreement with a longer travelling time in paper. The relative
linearity of the specimen phase with respect to the reference phase (r)indicates weak dispersion in
the tested specimen. In order to compute the phase and group velocities (Eqs. 9 and 10) from the

































data points comprised within an adjustable frequency window were used in the calculations to
avoid complications from poor signal-to-noise ratio below 0.25 MHz and above a frequency
determined from sound transmission considerations through the specimen. In the present case, the
upper frequency limit was set to 1.25 MHz. From physical considerations, the phase difference
intercept at zero frequency was reset to zero. The phase and group velocities for the 69# linerboard
are presented in Figure 10. The phase velocity increases approximately linearly by 10% from 0 to
1 MHz, confirming a weak dispersion in this frequency range. As a means of comparison, the
thickness longitudinal sound velocity (249 m/s) obtained from cross-correlation calculations is
included in the graph. It is shown to agree within experimental error. Dispersion strength is
evident from the discrepancy between the phase and group velocities.
In order to get an overall picture of dispersion in paper, the phase velocity spectrum was
determined for all samples. Calculations for fine papers were unsuccessful on the basis of very
weak dispersion and the reference pulse frequency anomaly (see Figure 8). On the average,
dispersion was 8 % from 0 to 1 MHz for mediums, linerboards and heavy boards. No relationship
between dispersion and thickness was denoted. Weak dispersion in paper is in agreement with
previous findings by Habeger and Wink.3 The predicted phase velocity near the zero frequency is
plotted in Figure 11 as a function of the SP longitudinal velocity. When compared to the FFW
velocity vs. SP velocity relationship (Figure 6), the phase velocity is generally in better agreement
with the SP velocity. This unexpected observation clearly indicate that paper velocity
measurements are sensitive to measurement techniques.
C. Elastic Modulus
Replacing vz by vp(f) in Eq. (4), the elastic modulus can be evaluated as a function of frequency.
Assuming a measured apparent sheet density of 712 kg/m3, the predicted elastic modulus Ez in the





























mechanically-determined thickness direction tensile strength (290 kPa) obtained from tensile testing
on samples clamped with double-sided tape, dispersion considerations are insufficient to explain
the factor of 100 between ultrasonic and mechanical measurements. It is more likely that a better
agreement would be obtained by evaluating the Young's modulus rather than the tensile strength
which is a measure of internal bond strength. However, due to extremely small strains and
difficulties originating from sample clamping using doubled-sided tape (the alternative use of
epoxy is uncertain because sample properties can be altered), reliable recording of thickness
direction stress-strain curves for paper is not easy task. Previous studies 1 1l 3 in the plane of paper
indicated that the in-plane elastic moduli measured ultrasonically were larger than their counterpart
obtained from destructive tensile testing. It has been hypothesised 14 that the most probable
explanation for this discrepancy is that the mechanically-evaluated elastic moduli are
underestimated due to the low strain rates involved in tensile testing methods.
When the thickness direction elastic modulus is compared to the tensile strength for mediums,
linerboards and heavy boards, as presented in Figure 12, a meaningful relationship is not obtained.
Thus, elastic modulus measurements obtained from ultrasonics investigation cannot be used to
predict tensile strength for different commercial paper materials. This statement does not hold for
hand-made papers and individual machine-made papers as it was demonstrated experimentally that
relationships exist when factors such as fiber orientation, wet pressing, wet straining and drying
restraints are varied. 15
Sound Attenuation
The measured attenuation coefficient as a function of frequency was calculated using Eq. (11) and
the amplitude spectra shown in Figure 7. Using phase velocity calculations and Eq. (12), the
dispersion predicted attenuation coefficient spectrum was also calculated. Results in decibel per
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lines represent the measured attenuation when the apparent reflection coefficient Ra is set to zero
and 0.88 in Eq. (11), respectively. The solid line refers to the predicted attenuation using 
Kramers-Kronig relationships. Good correlation is observed between the measured and predicted
attenuation coefficients, indicating that the attenuation can be predicted above 1.25 MHz. As
already indicated, attempts to evaluate sound attenuation in paper above 1.25 MHz using 2.25
MHz transducers were not successful. The apparent reflection coefficient is high, in agreement
with dry coupling conditions at rubber-paper interfaces.
Sound attenuation coefficient calculations were performed for all medium, linerboard and heavy
board specimens. Some examples are illustrated in Figure 14. Apart from the 26# medium
specimen (thickness = 185 pm), there is generally a good agreement between the amplitude and 
phase determined coefficients. Poor correlation for the medium sample is attributed to the 
reference pulse frequency anomaly. Effects from this anomaly are less and less pronounced as the *
thickness is increased (especially above 200 gm). It is interesting to consider that a second-order 9
curve fitting procedure appears to be adequate in predicting sound attenuation for very different
papers. Good correlation between the amplitude and phase determined attenuation coefficients 
increases the level of confidence into dispersion results. 
From the above analysis, it can be stated that the Kramers-Kronig relationships can be used to 
predict sound attenuation from sound dispersion information for paper, providing that the sample 
thickness exceeds 200 gm. Although not verified, one should expect a similar statement
concerning the prediction of dispersion from attenuation measurement. Dry-contact coupling 
conditions are limiting the verification of these relationships for fine papers. ·
0
In order to gather additional insight about the behavior of sound attenuation in paper, relationships 
between the attenuation coefficient at 1 MHz, the thickness direction elastic modulus, apparent 
density and air permeability were examined. It appears that the attenuation coefficient is inversely
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related to the elastic modulus (at 1 MHz) for linerboard specimens only. This is shown in Figure
· 15. This is most likely a consequence of more uniform physical properties for this category of
* papers. Without assessing a general trend, this observation indicates that the stiffer a paper is, the
weaker the sound attenuation is. Since a stiffer paper is probably less porous, this supports the
· hypothesis that scattering is the preferential mechanism for sound attenuation in paper.
No correlation were established between the attenuation coefficient, the apparent sheet density and
· air permeability. Air permeability is a property determined by measuring the rate of flow of air
· through the fiber network of a specified paper. It would be more appropriate to evaluate porosity
which relates to the ability of fluids to pass through a sheet of paper. Porosity measurements
* should be more sensitive to inhomogeneities than air permeability. Such measurements were not
* performed.
* While the sound attenuation coefficient could not be correlated to simple physical properties of
· paper, a linear relationship between the loss attenuation (at 1 MHz) and the FFW thickness was
found (figure 16). This means that the number of fiber layers is an important contributing factor to
* sound attenuation. Since the loss attenuation is approximately 35 dB for an hypothetical 1 mm
* thick paper, it is not surprising to consider that sound transmission for paper materials is restricted
to very low MHz frequencies.
* E. Sound Reflection
~* ~ Finally, the relationship between the apparent reflection coefficient and the apparent surface
9* ~ roughness was examined. The apparent surface roughness is defined as the average of the wire
and felt sides surface roughness as determined using the Bendtsen method. This method relates
* surface roughness to the rate of escape of air from under the narrow rim of a bell-shaped head
resting on a specimen. As presented in Figure 17, it appears that the rougher (or less smooth) the
Status Report
apparent surface, the larger Ra. Considering that the reflection coefficient could not be obtained
from pulse-echo analysis for hard rubber tires, the above results are particularly informative. As
one might expect, apparent reflection coefficients do not correlate to the predicted reflection
coefficients as determined from rubber-paper impedances calculations. However, they are of the
same order of magnitude (from 0.7 to 0.9).
VI. CONCLUSIONS AND POSSIBLE APPLICATIONS
Time and frequency domain measurement principles have been presented for a dry-contact,
through transmission method devised to investigate sound propagation in the thickness direction of
paper materials. The fluid-filled wheels (FFW) technique uses piezoelectric ceramic transducers
resonating at 1 MHz and immersed in water-filled rubber tires. Several commercial specimens
divided into four categories were analyzed. The FFW thickness compares very well to the soft-
platen thickness from 40 to 1750 gm, demonstrating that the FFW technique can also be used for
paper thickness evaluation. Time domain velocity measurements and frequency domain results for
papers thinner than 200 Apm are problematic due to coupling differences when a sample is or is not
present in the nip between the wheels. Time domain velocity measurements do not correlate as
well as phase velocity measurements (at fixed frequency) to the soft-platen velocity which was
taken as a reference velocity in the present work. Since dispersion is generally weak between 0
and 1 MHz, the time domain velocity obtained from cross-correlation calculations is a satisfactory
approximation to the phase velocity.
The sound attenuation coefficient as determined directly using amplitude information, and
indirectly using the Kramers-Kronig relationships are generally in good agreement for specimens
thicker than 200 p.m. Hence, the Kramers-Kronig relationships are applicable to paper materials in
dry-contact coupling conditions. Restrictions on their range of applicability are due to dry-contact
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samples, it is found that the attenuation coefficient is inversely related to the elastic modulus. This
supports the hypothesis that scattering is the primary mechanism for sound attenuation in paper.
,No correlation was established between sound attenuation, the apparent sheet density and air
permeability. However, the loss attenuation is linearly related to the sample thickness, signifying
that the number of fiber layers plays a significant role in sound attenuation through paper. The
apparent reflection coefficient which is determined in a through-transmission mode appears to be
inversely related to the apparent surface roughness of paper.
As briefly mentioned in the introduction, the FFW technique was proposed as an effective means
to investigate thickness direction elastic stiffness properties of a moving paper web in a paper mill.
The present study shows that it can be used for a wide range of paper materials, although
individual calibration procedure might be required for any particular paper. Continuous monitoring
of internal bond strength and possibly,sheet delamination could be achieved by evaluating the
sound attenuation. Although the apparent reflection coefficient can be related to the apparent
surface roughness of paper using hard rubber tires, a better approach to ultrasonic monitoring of
surface roughness would be to consider direct reflectivity measurements using a two-sided pulse-
echo technique and natural rubber tires. Dry-contact surface roughness measurements which are
independent of paper internal properties would be useful in predicting the printing behavior of
linerboards.
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· ~ Project Code: BOARD
Project Number: 3571
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~* OBJECTIVE:
To understand the critical paper and board property parameters and determine how they
· are achieved in terms of materials, sheet structure and processing conditions. To
~* ~ ultimately improve the performance/cost ratio of component and board.
GOAL:
· Develop an understanding of the mechanics and micromechanism of damage and failure
· commonly evolved during converting/manufacturing processes in corrugating mediums
· a ~ and other paper products.
· SUMMARY:
a* ~ During the last year we have been focussing on the problem of damage and failure of
paper under the influence of tensile stresses. Of interest has been to study the non-linear
· constitutive behavior of paper when it is subjected to progressively damaging uniaxial
· tensile stresses. The objective has been to characterize and measure damage through a
· well-established non-destructive experimental technique. We chose the acoustic emission
a~· measurement technique. This method is based upon the fundamental idea that when the
paper sample is damaged, a transient wave is emitted upon rapid release of strain energy
* from the microstructure. The apparatus set-up was such that a resonant-type transducer
* was attached to the paper sample through a compression mount. The transducer contains
* a ceramic plate which is very sensitive to the acoustic emission of ultrasonic wave.
Medium samples of a variety of pulp types (NSSC, Caustic Carbonate, Green Liquor,
* Recycled) and various moisture contents were progressively damaged through continuous
* tensile straining using an Instron Machine at various crosshead speeds. Samples were
* tested both in MD and CD. The principle of operation of the testing equipment is that
first the signal from the transducer is preamplified and directed to an acoustic emission
data analyzer. The signal is then filtered through a high-pass filter with a low frequency
* cutoff in order to eliminate noise. The counts, amplitude, energy, and various other
x standard acoustic emission measurements are recorded. The list of gathered data also
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includes stress, stretch, elastic modulus, TEA, and other mechanical parameters as
recorded by the Instron Machine. It is found that the acoustic emission technique
characterizes damage in paper materials rather well. Many interesting conclusions have
emerged from these studies that may be emphasized. These include:
(1) The amplitude of the acoustic emission signal's largest excursion is a very important
parameter which directly gives an indication of the type of the damage deformation that
is taking place in the paper material.
(2) The amplitude of 96 db may be considered as the "acoustic signature" for the
propagation of a self-similar crack in the paper web. The propagation of the crack is due
to the continuous cutting of the fibers in the network.
(3) At least three distinct regimes of amplitude may be identified:
(I) Below 35 db, which is probably due to microstructural events (e.g. dislocation motion,
other shear mechanisms, moving and breaking of the fibrils, cavitational processes, etc.).
It is believed that these emissions are manifestations of the plastic behavior of the paper
material. One practical example for this would be the relief of residual stresses in the
network. 
(II) Between 35 db and 45 db. This is probably due to some mesostructural processes
such as fiber debonding.
(III) Between 45 db and the second principal amplitude (roughly 65 to 70 db). This is
probably due to breakage of some individual fibers. These occur less abundantly than the
hits described previously.
(4) The area under the cumulative hit distribution curve may be considered as a 
parameter which is indicative of the "failure toughness" of the paper material. Note that
the term "failure" is not necessarily restricted to brittle fracture.
(5) The total number of hits (as well as counts) decreases as the loading rate is 
increased.
(6) The severity of the principal hit (as reflected by the magnitudes of principal counts,
energy, and duration) decreases as the loading rate is increased.
(7) Loading rate does not affect the principal amplitude.
(8) The area under the cumulative hit distribution curve decreases as the loading rate is 
increased. The material behaves in a less compliant, more brittle manner.
Report Status
(9) The principal effect of loading rate on the acoustic emission behavior is that it
· changes the frequency of its occurrence in terms of the loading interval of emission. At
· low loading rates there is a distinction between a "low emission" and "frequent emission"
states. As the loading rate is increased, emission becomes more sporadic until there is no
distinction between the low emission and the frequent emission stages. However, the
· loading interval in which sporadic emissions occur becomes progressively shorter as the
· * ~ loading is increased. As the loading rate approaches an optimally fast speed there is the
· evidence that the number of emissions at a particular load level becomes increasingly
higher.
· (10) The total number of hits (as well as counts) decreases as the relative humidity
A* ~ increases.
*0 ~ (11) The severity of the principal hit (as reflected by the magnitudes of principal counts,
energy, and duration) decreases as the relative humidity is increased.
*) ~ (12) Relative humidity does not affect the principal amplitude except at very high levels
of humidities. It is believed that at such humidities the fibrillar structure of the paper
changes. As a result the paper material deforms under different mechanisms, and the
· ~* principal amplitude drops to a lower level which is reflective of a more plastic
* deformational and behavior.
· (13) The area under the cumulative hit distribution curve decreases as the relative
* humidity is increased. The material behaves in a more compliant, plastic manner.
(14) The principal effects of high loading rate and high humidities are to accelerate the
paper material towards failure. However, in each case a totally different mechanism is in
effect. In the former case, failure occurs due to brittle fracture, while in the latter case,
* ductile mechanisms such as shear localization are responsible for failure.
(15) Finally, the location of the sensor has a strong effect on the magnitude of the
* acoustic emission. Generally, the acoustic emission waves dissipate in the paper material
· as the waves travel through the material.
A Study of the Acoustic Emission And Constitutive Behavior of Corrugating Mediums
* Introduction
It is well-known that the fibrous structure of paper/board damages during the converting
and manufacturing processes. This damage causes a considerable reduction in the tensile
~* ~ and compressive strengths of the paper product both in MD and CD directions. The




diversified micromechanisms of damage (e.g. debonding, delamination, fiber
microbuckling, fiber fracture, etc.), which occur as a result of various types of stresses
inflicted on the medium during the converting/manufacturing processes. A number of
fundamental problems are indigenous to the problem of paper damage during the
converting/manufacturing processes. These include:
1. Damage and failure of a fibrous network structure under direct tension.
2. Problem of microbuckling of individual fibers under compression.
3. Shear delamination of paperboard and related laminates.
The primary objective of this manuscript is to report on the constitutive behavior as well
as the acoustic emission/damage characteristics of paper, when it is subjected to a 
progressively damaging uniaxial tensile loading at various rates of loading and humidity 9
conditions. To begin with only commercial paper will be considered. In particular, the
emphasis will be on the corrugating paper (or more specifically green liquor), which is
the basic component for manufacturing corrugating and paper board. The effect of
papermaking factors such as the basis weight, wet-pressing, bleaching, and refining will
be considered in a separate report in the future. In order to fulfill the objectives of such
studies handsheets with a variety of papermaking properties will be made and tested
under uniaxial tensile loading. In fact two such testings are already complete and await
analysis. These include the basis weight and the wet-pressing experimentation.
Because of the new nature of the applicability of the acoustic emission studies in paper
materials it seems appropriate to first present an overview of this technique as is
commonly utilized in other fields of materials science and engineering. To the best of the
author's knowledge only very few studies have ever been conducted on the acoustic
emission characteristics of paper materials [1-4]. In general, the application of acoustic
emission technique to paper materials is in its infancy. The primary objective of this
study is, therefore, to explore the acoustic emission characteristics of paper materials.
With this intent, attempts will be made to categorize certain unified and reproducible
behavior and to establish guidelines for further research in this field. Of particular
interest will be to try and establish a link between the acoustic emission characteristics
and the constitutive/fracture behavior of paper materials.
An Overview of the Acoustic Emissions Technique
Introduction
Most materials emit sound (or stress waves) when they are deformed. Acoustic emission




· deformed [5-6]. Acoustic emissions are generated by irreversible, heterogeneous
~* ~ alterations of interatomic spacings that constitute inelastic deformation. They are
* generated only when some abrupt and permanent change takes place somewhere in the
material. The classical sources of acoustic emissions are defect-related deformational
processes such as crack nucleation/growth and plastic deformation. Examples of the
· mechanisms that produce acoustic emissions in metals include: the movement and
· ~* multiplication of dislocations; slip; twinning; fracture and debonding of precipitates or
· inclusions; corrosion processes; microcrack formation and growth; crack jumps; and
frictional processes during crack opening and closure.
~* ~ When a material fractures or deforms inelastically there is a sudden movement at the
defect source which produces a stress wave at the source. The resulting stress wave
propagates through the solid due to the energy released during the deformational
process. The amount of acoustic energy released depends primarily on the size and the
~* ~ speed of the local deformational process. The source of the acoustic emission energy is
* the stress wave generated in the material [7]. Without stress, there is no emission. The
acoustic emission produced by the stress-induced deformation of a material is also highly
dependent on the stress history of the material (see the section entitled "The Kaiser and
* Felicity Effects"). The relation between load, time, and acoustic emission depends on the
* material and the type of deformational process causing the acoustic emission. For
* example, brittle materials respond almost instantaneously to applied stress by emitting
and then quickly stabilizing. On the other hand, viscoelastic materials such as resin-
* matrix composites take some time to stabilize after the load is applied. In materials
* involving hydrogen-induced cracking a constant load often produces progressive damage
* and continual acoustic emission to failure, and therefore, the material may never
stabilize.
* Factors Affecting Acoustic Emission
* Some materials produce acoustic emissions copiously when deformed, others are "quiet"
by comparison. There are many factors that affect the acoustic emission response from a
* material [8]. For example, the crystalline structure (or generally the microstructure) plays
* an important role in the in the acoustic emission behavior. The signal amplitude level
* recorded from materials with distinct crystalline structures could vary by an order of
magnitude in some cases. Generally, one could determine whether a material will be
"noisy" or "quiet" from its crystalline structure. HCP materials are more noisy than FCC
* materials (which are more isotropic). HCP materials are also noisier and have higher-
@ amplitude acoustic emission signals than BCC materials (which twin only above certain
d temperatures). In general, the more anisotropic the crystalline structure, the higher the
amplitude of the acoustic emission signal. Also the presence or lack of homogeneity
* drastically affect the acoustic emission response. The acoustic response of a material
* when tested in tension is completely different than the same material containing a sharp
0
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crack. Furthermore, the geometry and size of the crack determines the degree of
brittleness and, thus, the acoustic emissivity of the solid. Monolithic and composite
materials exhibit different acoustic response. For example, graphite epoxy is of an order
of magnitude more noisier than mild steel. Generally, brittleness, heterogeneity, and
anisotropy are three major factors that effect high acoustic emissivity. On the other hand,
ductile, homogeneous, and isotropic deformational mechanisms (such as microvoid
coalescence in certain metals) cause low emissivity.
Apart from ductility, homogeneity, and isotropy another factor that can affect the 0
acoustic emissivity is the geometry. More specifically, the acoustic response of a thin
section is different than a thick section. Higher amplitude acoustic signals are often
obtained from thicker specimens. The state of stress also greatly influences acoustic
emissivity. Many materials studies involve the development of a test approach in the
laboratory environment in which specimens are subjected to a simple uniaxial stress in a a
particular direction. However, materials in industrial service are often subjected to
complex biaxial and triaxial stress fields. In such cases, the acoustic emissions from the
laboratory tests may not simply be considered as a model to represent the acoustic
emissions from the materials utilized in the field. A triaxial state of stress, as it is found
in the vicinity of a sharp crack, accentuates acoustic emission. In thicker cracked solids 0
the triaxial stresses are often higher in magnitude which lead to plain strain stabilities
and a greater likelihood of cleavage brittle type fracture near the center of the specimen.
It should be emphasized that extrapolation of thin section acoustic data to determine
thick section response is as inaccurate as extrapolating thin section (plain stress) fracture 0
toughness data from thick section (plain strain) specimens. Another factor that affects
acoustic emissivity is the strain-rate which, in turn, is greatly influenced by the rate of
loading. High strength materials are also known to produce a larger number of acoustic
emissions.
If the material condition changes by radiation damage, heat treatment, or mechanical
processing, the acoustic emissivity changes. In metals, the amplitude of the acoustic
signal increases at lower temperatures, primarily due to a change from ductile to
cleavage (or brittle) mode of response. Changes in the mechanical history or heat
treatment that may be reflected by reduced grain size, higher dislocation density or more
random crystalline orientation causes lower acoustic emissivity.
To summarize the effect of various factors on acoustic emission detectability, it may be
considered that the following phenomenon are synonymous with high acoustic emissivity: 9
damage of flawed materials, crack propagation, low-temperature deformation and
fracture, brittle fracture, anisotropy, heterogeneity, high strength, high strain-rate (or rate
of loading); or more specifically in the case of crystalline solids or metals: cleavage








The Nature of the Acoustic Emission Wave
* When a material deforms inelastically, the elastic energy absorbed within the material is
liberated. If the nature of the deformation is such that a rapid movement occurs at the
defect sources the amount of the elastic energy liberated is significant and causes
* acoustic waves to be emitted at the source. The acoustic waves radiated from defect
sources propagate in all directions. These waves often exhibit a strong directionality
which depends on the nature of the material and the source process. The original wave
released at a particular acoustic emission source has a typical form as the one illustrated
* in Fig. 1. The displacement waveform is basically a steplike function and corresponds to
* the irreversible and permanent deformational movement that has occurred at the source.
The corresponding velocity or the stress wave has a pulselike form (Fig. 1). The width
(duration) and the height (amplitude) of the stress waveform very much depend on the
dynamics of the source process.
Source processes such as microcrack jumps or inclusion fractures generate stress waves of
very short durations often lasting a fraction of microseconds or at most a few
microseconds. The amplitude (and, consequently, the energy) of the stress pulse
· generated at a defect source can vary drastically depending on the nature of the defect
· and the dynamics of the source process. For example the movement of a single
* dislocation produces an stress wave which is of such a small amplitude that cannot be
easily detected [9-11]. In the absence of general yielding, slow and continuous processes
such as microvoid coalescence (ductile tearing) and active path corrosion are not
· detectable. On the other hand, due to the stress concentrations in their vicinity, cracks
* and other defects emit during a monotonically rising load, while the unflawed material
elsewhere is still silent [12-15]. Microscopically rapid mechanisms such as brittle
intergranular fracture and transgranular cleavage are readily detectable, even when the
* crack front is advancing only one grain at a time at subcritical stress levels [16-17].
c Acoustic emissions from crack initiation and growth have been extensively studied in the
c literature. One can easily distinguish between the acoustic emission signals from the
growth of the plastic zone at the crack tip and the acoustic signals from the movement of
· the crack front itself. Growth of the plastic zone typically produces many emissions of
* low amplitude, while the amplitudes of the acoustic signals emanating from the
· advancement of the crack front are considerably larger.
* The form of the original wave pulse which is emitted at the acoustic source changes
* drastically as the wave propagates through the medium material. There are several
c important aspects of the elastodynamics of the wave propagation process which need to
· be considered [18]. Some of these include attenuation and wave velocity. Attenuation is
the loss of signal amplitude due to material damping as well as geometric factors as the
* wave travels through the material. Attenuation is a very important factor that governs
* detectibility of the waveform at a distance. In an acoustic emission testing it is often
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necessary to perform attenuation trial measurements in order to determine permissible
sensor positions and spacings. Wave velocity is an important factor for consideration
when the acoustic emission technique is to be used to determine the locations of the
source defects. By measuring the arrival times of the acoustic wave at several sensors and
recording the wave velocity the precise location of a source may be readily calculated.
The attainable accuracy is governed by the wave propagation processes and depends on
such factors as geometry and medium properties. Another important aspect of the wave
propagation process is the effects of multiple paths and multiple wave modes by which
the waves travel from the source to the sensor. 
During an acoustic emission testing, the transducer senses a large number of transient
signals. A typical acoustic emission signal emanating from a single, discrete deformation
event is shown in Fig. 2. This signal is referred to as a burst signal. A burst-type signal
has a fast rise time and a slower decay. These signals vary widely in shape, size, and rate
of occurrence, depending on the microstructure of the material and test conditions. The
electrical signal at the sensor output is the product of the ringing of the resonant
transducer. It is evident that there is a drastic difference between the original waveform
(Fig. 1) and this observed signal at the sensor. In addition to the wave propagation 
factors discussed earlier (particularly the problem associated with multiple paths and
multiple modes of the acoustic waves), the transformation of the acoustic signal is further
compounded by the response of the sensor.
When there is a high rate of occurrence, the individual burst signals combine to form a
continuous signal. Continuous emission is commonly observed during plastic deformation
of steel, aluminum alloys, and many other metals, and has been extensively studied in the
past, and many detailed findings have also been related to dislocation activity,
microstructure, and materials properties [19]. The signal generated by the formation and
movement of a single dislocation is often of such an insignificant intensity that it cannot
be detected. However, when millions of dislocations are forming and moving the
individual signal overlap and superimpose in such away as to give a detectable result.
The overall result is a continuous excitation of the material and the sensor which
becomes detectable as soon as the voltage of the produced signal becomes comparable
with the background noise. The higher is the strain-rate the larger is the signal. The
primary difference between the continuous emission and the burst-type emission
discussed earlier is that in the former case the individual original signals emanating from
various source emissions are not discernible. Fig. 3 illustrates a typical continuous
emission, which is commonly experienced during tensile testing of unflawed ductile
specimens. Generally continuous emission refers to low level, high signal density output.
The peak in the acoustic emission rate occurs near the yield stress of the material.
Continuous emission is highly strain-sensitive, and under the condition of very slow
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There are basically two fundamental approaches in the acoustic emission signal analysis.
In the first approach the researcher determines the original source waveform by using a
broadband sensor and performing a detailed analysis of the early part of the received
signal. This methodology, which is referred to as the source function analysis, is very
complex and time consuming. In performing source function analysis only a single
waveform may be processed at a time. The problem of determination of the source
pulse from the resulting movement at the point of detection has been extensively studied
during the past two decades [20-23]. There are many inherent theoretical, computational
and experimental difficulties associated with determination of the source pulse from the
signal recorded at a remote sensor. The resulting waveform associated with the vertical
surface movement of a point in a semi-infinite solid due to the abrupt application of a
vertical force in another point of the same body is highly complex. The waveform is even
more complex when a finite plate ia considered [24]. This is primarily due to the fact
that the motion at the point of detection is strongly dependent on the ratio of source
distance to plate thickness. The problem becomes even more complicated when the
horizontal as well as the vertical components of the motion are considered. Other
aspects of the elastodynamics of the wave propagation process such as multiple wave
paths and wave modes, wave reflection, and attenuation introduce further complexities.
In addition to the aspects of wave propagation in the material, the transformation of an
acoustic waveform is further compounded by the response of the sensor.
The study of the transformation of the acoustic waveform from its original pulse shape to
the final form detected at a sensor is of rudimentary importance both to the acoustic
emission researcher or the non-destructive evaluation inspector. Instead, most materials
researcher as well as non-destructive evaluation inspectors utilize the overall statistical
features of the acoustic emissions activities, which are indifferent to the exact details of
each source event. In this (second) approach, the materials scientist or the NDT
inspector uses narrowband sensors and electronic equipment. Although by using this
approach only a few features of the received signal are measured, it is possible to
process hundreds of signals at a time.
The Acoustic Emissions Equipment Required for Material Testing
The most important device used during an acoustic emission testing is a resonant sensor
which is used to pick up the acoustic signal. The key element of an acoustic emission
sensor is a piezoelectric crystal (transducer) that is used to convert movement into an
electrical voltage. The smallest signal that can be detected is about 10 microvolts at the
transducer output, which corresponds to a surface displacement of about 1 x 10'6 inches
for a high sensitivity sensor. When a stress wave impinges on the faces of an acoustic
sensor the resonant sensor becomes excited by a broadband transient pulse, rings like a
bell at its own natural frequencies, and a small electric signal is generated by the
transducer. By carefully selecting the resonant frequency of the sensor one can monitor
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the operating frequency. When the monitoring frequency is very low there are increasing
problems with mechanical background noise. At high frequencies, on the other hand, the
wave attenuates (damps out) very rapidly, and the detection range of the sensor
diminishes. Choice of the operating frequency is, therefore, a trade-off between noise
and high detection range. Low frequencies are often used in cases when either the 
detection range is at a premium (e.g. pipelines), or when the material is highly
attenuating (e.g. rocks and soils). On the other hand, high frequencies are used in
applications when the background noise is unusually high (e.g. steam lines in electricity
generating stations). In materials application (including paper) the acoustic emission
testing is often well performed with sensors that are resonant at about 150 Khz.
The small signal produced by the transducer need to be amplified to produce a higher,
more usable voltage. This is usually accomplished by placing a preamplifier close to (or
even inside) the sensor in order to minimize pick up of electromagnetic interference. 
The gain of the preamplifier is typically 100 (40 db). The preamplifier typically contains
a high-pass or bandpass filter to eliminate the mechanical and acoustic noise that
prevails at low frequencies. The bandpass filter often has a frequency range of 100-300
Khz, which encompasses the 150 Khz resonant frequency of the most commonly used
filters. Because of the large dynamic range of the preamplifier the signal may be driven
over a long cable. Therefore, the main signal processing equipment could be placed
hundreds of feet from the testpiece if necessary.
After sensing and preamplification the signal from the preamplifier is then diverted to
the main signal processing equipment where it is further amplified and filtered. Next the
signal is detected using a comparator circuit. The comparator circuit generates a digital
output pulse whenever the acoustic emission signal exceeds a fixed threshold. Threshold
is the key variable that determines test sensitivity. The threshold level is usually set by 
the operator. It can also be controlled by adjusting the amplifier gain. The acoustic
emission signal processing equipment vary widely in form. Some are designed to function
automatically in automated production environments. Some are designed for use by
technicians and non-destructive testing inspectors performing routine testings. Of interest
to materials researchers are those which are designed to perform comprehensive data
acquisition and extensive data analysis. Such equipment are often computer-based
systems.
Each acoustic emission signal that crosses the threshold is recorded as a hit. The digital 0
description of each hit (usually between 20 and 40 bytes) is generated by the front-end 
software and is then passed in sequence with other hit descriptions to the computer 
system. The computer system is used for acoustic data storage, analysis, display, and
replay for post-test analysis. The task of data processing is shared by many 0
microprocessors. The front-end microprocessor rapidly stores the descriptions of many 
hundred hit signals in its buffer, pending further processing. The highest priority of the
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microprocessors is to read the results of each signal measurement as soon as the
measurement process is complete, so that the measurement circuitry could be reset to
the next event. A software-based, hit-driven acoustic emission system can distinguish
among many different signal features of burst-type acoustic emissions, which can be very
useful to a materials researcher.
Basic Signal Measurement Parameters Used in Acoustic Emission
There are basically five parameters that have been widely accepted in the acoustic
emission field. These are counts amplitude, duration, energy, and rise time. Other less
frequently used parameters are counts to peak average frequency, spectral moment, and
true energy. Along with these signal parameters the hit-driven data stored in the
computer also include external variables such as the time of detection, the current value
of the applied load, the cycle count (fatigue tests), and the current level of background
noise. Following is a more detailed description of the most commonly used acoustic
emission parameters.
Counts (or ringdown counts) -- The oldest and the simplest way to quantify the acoustic
emission activity is to count the threshold-crossing pulses generated by the comparator
(Fig. 4). Counts depend on the magnitude of the source event. They also strongly depend
on the acoustic properties and the reverberant nature of the material specimen and the
sensor.
Amplitude -- Amplitude is the highest voltage attained by an acoustic emission signal
(Fig. 5). It is perhaps the most important parameter because it directly determines the
detectability of the acoustic emission event. Amplitude is directly related to the
magnitude of the source event. Among all the other acoustic emission parameters
mentioned earlier, amplitude is the best one suited for developing statistical information
in the form of distribution function [25]. Such data is very useful for distinguishing
among different deformational mechanisms and for observing the changes in the acoustic
emission intensity as the test proceeds.
Energy -- More commonly known as MARSE. This is the measured area under the
rectified signal envelope (Fig. 5). Analogous to counts this quantity represents a measure
of the acoustic energy signal magnitude. Although the required circuitry for measuring
MARSE is relatively complex, this quantity is preferred over counts because it is
sensitive to both amplitude and duration. It is also less sensitive to operating frequency
and threshold setting. Of all the acoustic emission parameters mentioned earlier,
MARSE is the best suited for specifying the overall cumulative acoustic emission activity.
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Duration -- This is the time elapsed from the first threshold crossing to the last, and is
commonly measured in microseconds (Fig. 5). Analogous to counts, this parameter
measures the source magnitude . It is also dependent on such factors as the structural
acoustics and the reverberant nature of the sensor and the specimen. It is particularly
useful for noise filtering and other kinds of signal qualification. A good application of
duration is in composite materials, specifically for characterizing certain long-duration
source processes such as delamination [26].
Rise time -- This is the elapsed time from the first threshold crossing to the signal peak
(Fig. 5). This parameter is often useful in problems involving time-dependent processes
such as dynamic loading or vibration of structures. It is also sometimes utilized for
different types of signal qualification and noise rejection.
Counts to Peak -- This is the number of threshold crossings from the first threshold to
the signal peak. This parameter is often used in conjunction with the rise time.
A software-based hit-driven acoustic emission system can often produce many types of
graphic displays. Also the results can be refined, filtered, and replayed in a post-test
analysis. Broadly speaking, the following types of acoustic emission displays may be
generated:
(1) Distribution Plots -- These show statistical properties of the emission in the form of
histograms or distribution functions. There are two types of distribution plots: cumulative
and differential.
The cumulative form is a convenient display for reading off the total acoustic emission
quantity. It may be constructed either in the max-min (decreasing) form or the min-max
(increasing) form. On the other hand, the differential form is useful for illustrating the 
changes in the acoustic emission activity. The distribution plots of various acoustic 
parameters against amplitude are of particular interest.
(2) History Plots -- These illustrate the course of the experimentation from start to finish.
Two types of history plots are of interest: load-based history plots and time-based history
plots. Either kind may be constructed in cumulative form or differential form. A history 
plot of acoustic emission data versus load is a particularly useful display because it
illustrates the state of damage in the material at various stages of loading. It is also the
best way to display the Kaiser and the Felicity effects. 
(2) Point Plots -- These plots show the correlation between different acoustic emission
parameters. Point plots of various acoustic parameters versus amplitude are of particular
interest in noise filtering and signal qualification. In this case each hit is shown as one
point on the plot, and its position show information about the size and the shape of the




* sources) contain a main band which consist of the actual deformational records and the
* noise record which fall either above or below this band. For example, noise signals from
e electromagnetic interference which are not prolonged by acoustic reverberation fall
below the band, while noise signals from friction and leaks which originate from a non-
* impulsive source fall above the main band.
(4) Location Displays -- These show the position of the acoustic emission source. This
display is basically a map of the structure (or the material). The computed location of
each emission event is shown as a single point in the appropriate position. Sensor
* locations are often shown as large dots, thus providing a frame of reference. The
e structurally significant defects may be easily identified as clusters of points, which
e correspond to the most active sources.
* The Felicity and Kaiser Effects
The acoustic emission produced by the stress-induced deformation of materials is highly
dependent on the stress history of the structure. Acoustic emission testing is often
conducted under a monotonically increasing load. On the other hand, when a material is
* subjected to repeated loadings it is often found that the first application of the loading
* generates more emission than any subsequent loading. When subjected to repeated
loading, if the response of the material is such that the material does not produce any
acoustic emission until the previous maximum load is exceeded, the material is said to
* obey the Kaiser Effect. This behavior was first reported by Kaiser in 1950 [27]. It was
* first shown by Dunegan [28] that for materials that obey the Kaiser effect, emission on a
* repeat loading below the prior maximum indicates that structural damage occurred
between the first loading and the repeat loading. When a structure (or material) begins
* to emit on repeat loading at load levels that are less than the prior maximum loading it
* is said to obey the Felicity effect. A parameter is often defined, known as the Felicity
Ratio, as the ratio of the load at which emission begins on repeat loading to the previous
maximum load. Therefore, it could be said that a material which obeys the Kaiser effect
has a Felicity ratio of one or greater. On the other hand, materials that obey the Felicity
* effect must have Felicity ratios of less than 1.0. The best way to illustrate the Kaiser and
· Felicity effects is through a cumulative load history plot of acoustic emission data as is
* shown in Fig. 6. The portion AB-BC-CB of the graph illustrates the Kaiser effect. During
AB the material is in emission until it reaches the point B. During the portion BC the
* material is being unloaded, and no further emission takes place. As the load is again
* increased from C no emission takes place until the load level increases to the previous
maximum level at B. Portion BD-DE-EF-FG illustrates the Felicity effect. Portion BD is
the loading phase, while the material is being unloaded with no further emissions during
* DE. As the load is again increased in the material starting from E, this time emissions
* begin to occur starting at F, which corresponds to a lower load level than D. The ratio








The Felicity ratio may be used to assess the structural integrity of a material. For
materials that obey the Felicity effect often systematic decreases occur in the material as
the material approaches failure [29]. For example for fiber reinforced plastic (FRP)
pressure vessels or tanks a Felicity ratio of 0.95 is cause for rejection [30]. In acoustic
emission monitoring of certain materials and structures it is sometimes a matter of
common practice to totally ignore the emission from first loading, and instead,
concentrate on the acoustic emission characteristics at subsequent loading. The rationale
for this approach is that often the acoustic emission on the first loading is the result of
the local plastic deformation of the material, and it is often not until repeat loading that
the structurally significant defects begin to emit. Another example in which the
structurally significant defect begin to emit is the case of emission at constant loading
(portion GH of Fig. 6). On the other hand, emissions related to stabilization of the
material, such as relief of residual stresses, tend not to recur when the material is loaded ·
again. 0
Applications of the Acoustic Emissions Technique
Because the acoustic emission response of a material depends on its microstructure and 0
the deformational mode, different materials often exhibit diverse acoustic emission
behavior. Acoustic emission is often utilized as a powerful non-destructive evaluation
tool for studying deformation and fracture. It gives an immediate indication of the
response of a material under stress. It is also intimately related to strength, damage, and ·
failure. Acoustic emission is a particularly useful tool for studying material response 0
when it is utilized in conjunction with other diagnostic techniques such as optical/laser or
scanning electron microscopy, ultrasonics, fracture mechanics techniques (e.g. crack
opening displacement measurements), and constitutive (stress-strain) measurements. It ·
should be emphasized that acoustic emissions differs from most other non-destructive 0
techniques in two respects: firstly, in the case of acoustic emission the signal originates
from the material itself and does not come from an external exciting source (as, for
example, is the case in ultrasonic measurement). Secondly, acoustic emission detects ·
movement, while most other techniques detect existing geometrical discontinuities. Note ·
no one non-destructive evaluation technique can ever provide the whole solution.
Instead, it is often essential to use a combination of techniques to study the response of
a particular material thoroughly. Due to the aforementioned unique features of the
acoustic emission technique it is a particularly useful method when used in conjunction 0
with other non-destructive techniques. ·
Acoustic emission inspection gives valuable information about the performance of a
structure under load. It is particularly appropriate for inspecting large structures in which 0
the whole volume of the structure may be non-destructively examined in a single loading 0
operation without scanning the structure for defects. With appropriate positioning of a







~w ~ structure may be readily identified. Other non-destructive techniques can then be used to
* determine the precise nature of the emitting defects. Often large cost savings are
· realized when the acoustic emission method is first utilized for source location and then
0* ~ the test is conclusively followed up with other NDT inspection techniques. These cost-
effective results are particularly significant when inspecting large structures. In structural
* testing the acoustic emission technique has been used on pressure vessels and storage
~* ~ tanks [31], pipelines and piping [32], aircraft and space vehicles [33], electric utility plants
* ~ [33], bridges [33], railroad tank cars [34], bucket trucks [33], and many other equipment.
Typical uses include detection of cracks and material embrittlement [17], weld defects
· [35], corrosion [36-38], and wear [39]. By using an appropriate acoustic emission
· equipment one can also detect such other processes as solidification, friction, impact,
· flow, and phase transformations.
Experimental Details and Equipment Set-Up
· Samples of corrugating paper were prepared in MD and CD by cutting into a width of
0.6 in. and a gauge length of 8 in using a conventional cutter. The average thickness of
the paper samples was measured to be approximately 0.01 in. These samples were then
· placed between the upper and lower jaws of an Instron machine using a specially
· designed clamp system. Two clamps were used to keep the paper sample in a vertical
* posture. One clamp was attached to the load cell at the upper jaw. The other clamp was
housed on the Instron frame body below the load cell. The clamp consisted of a slot in
· * ~ which an end of a paper sample could slide and reside. Through application of a small
· compressive force across each clamp it was possible to hold the paper sample in place.
* This compressive force was applied to each clamp by a torque-rod assembly. Care was
taken (through reinforcing the ends of the samples by additional paper, as well as not
excessively compressing the clamp ends) as to not damage the paper samples locally. A
· 150 Khz transducer was then mounted at the central area of the specimen through a
· compression mount using a specially designed clamp. This clamp consisted of a soft
· spring which could stretch slightly as to just mount the transducer on the paper sample
without exerting any damaging compressive force to the paper sample. The reason for
* directly mounting the transducer to the sample was that it was intended to capture the
* acoustic emission waves (emanating due to the deformation of the paper sample) as
· closely as possible. Also application of a waveguide was avoided in order to eliminate
· any problems associated with the wave propagation in the waveguide. No fluid couplant
was used between the paper sample and the face of the transducer because it was
· believed that the fluid couplant would change the properties of the paper samples. The
d* ~ Instron crosshead was then made to move as to take the slack from the paper sample so
d~· that the sample could be positioned in a vertical position. The offset associated with
positioning of the crosshead was eliminated from consideration. The transducer was
· wired to a preamplifier located its vicinity as an attempt to minimize electromagnetic
~· ~ interference. The preamplifier was connected to a computer-based acoustic emission
0
0
Project 3571 Page 98
Report Status
signal processor and data analyzer (Physical Acoustic Corporation's LOCAN AT). A
series of experiments were performed on a variety of paper samples conditioned at
various relative humidities. Tests were conducted under uniaxial tensile loading at
different values of crosshead speeds. The results of these experimentation will be
reported under two categories:
(1) Those conducted on samples conditioned similarly (50% RH), and tested at various
crosshead speeds (0.05, 0.5, 5.0, and 10 in/min),
(2) Those conducted on samples conditioned differently (30%, 50%, 70%, and 90% RH),
and tested at the same crosshead speed (0.5 in/min),
and for MD direction only. Additionally, two sets of special tests were performed in an
attempt to investigate:
(3) The effect of initial imperfection,
(4) The impact of sensor location,
as well as reaffirm some of the conclusions of the first and second sets of results. These
will be discussed later.
The Effect of Loading Rate on the Constitutive and Acoustic Emission Characteristics
Introduction
Experiments were conducted on numerous samples of corrugating paper as diversified as
green liquor, caustic carbonate, NSSC, and recycled. These experiments were carried out
at crosshead speeds of 0.05, 0.5, 5.0, and 10 in/min, and both in MD and CD directions.
A total of 10 samples were tested in each case in order to evaluate repeatability. The
range of the crosshead speed chosen represent a complete interval at which the acoustic
emission response of the paper medium could be adequately studied. It was found that at
crosshead speeds of larger than 10 in/min (e.g. 50 in/min) the time of test was so short
that the sample fractured almost immediately upon loading. Therefore, it was not
possible to gather acoustic emission data prior to the fracture load. It seems that at such
rates of loading the mechanism of progressive damage is not likely to occur, and that the
mechanism of localized damage or fracture prevails. On the other hand, at speeds of less
than 0.05 in/min the time of test was so high. It was decided that in the interest of
timely completion of an extensive number of tests that were to be performed on
numerous samples such speeds should not be considered. Furthermore, as it will become
more clear later on, it was experienced that such tests do not render any significantly
different body of acoustic data other than the fact that in such cases considerably larger
numbers of similar acoustic hits are produced.
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Discussion of the Mechanical (Constitutive) Data
It was found that of the four types of the corrugating mediums considered green liquor
gave the most reproducible results. In fact for all the samples of green liquor tested
under the same condition (same orientation, crosshead speed, and relative humidity) it
was possible to construct a single master constitutive curve by simply translating the
origins of the stress-strain curve. This is to say that the elastic moduli (slope of the
stress-strain curve) would be the same provided an initial offset (stress-strain) value was
used. This way, the termination point (failure stress or strain) would be different but all
the constitutive curves would have the same shape and would lie on one another. It was,
therefore, decided that green liquor would provide the best pulp type for studying the
damage constitutive behavior, because all samples would have the same stress-strain
curve. The actual records of the constitutive curves for green liquor when tested at
various crosshead speeds are shown in Fig. 7. This figure illustrates that the higher is the
crosshead speed, the more linear is the constitutive behavior. Also it is evident that the
material has a higher stiffness (constitutive slope) when it is tested at larger crosshead
speeds. Fig. 8 graphically illustrates the effect of crosshead speed on Young's modulus
for the green liquor medium considered. The higher elastic moduli of the green liquor
medium when tested at higher loading rates is due to the inhibition of an otherwise
compliant deformational mechanism. In other words, since loading is applied at high
speeds there is relatively not sufficient time for the stresses to distribute through the
material to adequately deform (stretch) the network structure. As a result the fibrous
network is less resilient. Note that the apparent increase in the stiffness at higher
crosshead speeds becomes more significant as the speed is increased beyond 5 in/min,
i.e. at significantly high crosshead speeds. This is to say that the effect of crosshead speed
on stiffness increases unproportionally as the crosshead speed is increased. The tensile
strength of the material also increases as the crosshead speed is increased. However,
when compared with the effect of crosshead speed on stiffness, the difference in tensile
strength is comparatively much smaller. The effect of crosshead speed on tensile strength
of green liquor medium is graphically illustrated in Fig. 9. It is evident that the effect of
speed on tensile strength is more significant at low speeds, while it is minimal at speeds
of greater than 5 in/min. It may be speculated that at low speeds non-elastic
deformational processes occur more abundantly. This leads to the damage of the fibrous
network structure which, in turn, reduces the overall tensile strength of the material. As
we will see later this conjecture could be easily verified from the results of the acoustic
emission studies. The effect of crosshead speed on stretch has been illustrated in Fig. 10.
Basically, as the crosshead speed is increased the material behaves in a less compliant
manner, thus reducing its overall stretch. This effect is particularly more pronounced at
speeds larger than 5 in/min, which is consistent with the result of stiffness described
earlier. Note that these conclusions are very much in accord with the mechanics of all
deformable solids. Namely, if a material is less compliant and cannot readily deform, it
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material often has a high stiffness and hardness associated with it, and behaves in a more
brittle manner. Fig. 7 indicates that as the speed of testing is increased the constitutive
curve more closely resembles that of a brittle material behaving in a linear elastic
manner. It is logical to speculate that the fracture of such a specimen occurs as a result
of a perhaps single localized event, e.g. through a self-similar crack propagation scheme.
Therefore, if the loading is applied at such a fast speed (that it could be considered as
almost instantaneous), it is expected that the paper sample would behave in a completely
brittle manner (like glass), and the stress-strain curve becomes completely linear. The
theories of linear fracture mechanics, and in particular, the Griffith's theory of fracture
would then completely apply. A parameter which is commonly used in the paper industry
as a measure of toughness is the Tensile Energy Absorption or TEA. The Tensile
Energy Absorption of green liquor at various crosshead speeds are graphically illustrated
in Fig. 11, which suggests that no conclusive deductions may be made with regard to the
relations between these two parameters. In the aforementioned experiments one would
expect the TEA values to monotonically decrease with increasing the crosshead speed,
because as it was explained earlier, the primary effect of increasing the crosshead speed
is to reduce the ductility (or toughness) of the paper material.
Discussion of the Acoustic Data
Amplitude Distribution Data
Amplitude is a very important parameter that directly determines the detectibility of the
acoustic emission event because it is directly related to the magnitude of the source
event. Of all the conventionally measured acoustic parameters discussed earlier, it is the
one best suited for developing statistical information in the form of distribution function
[25]. Such distribution plots may be constructed either in the cumulative or the
differential form. The differential form of the distribution function plot shows how many
hits (or any other measure of the acoustic emission data) are generated at a particular
amplitude level. This type of distribution plot is often useful for distinguishing among
different deformation mechanisms and for observing changes in the acoustic emission
intensity as the test proceeds. The cumulative form indicates that how many hits (or any
other measure of the acoustic emission data) exceeded a given amplitude level. The
cumulative form of the distribution function may be constructed from a maximum-
minimum histogram record of the actual acoustic emission data. This type of distribution
plot is useful for quantitative modeling and for assessing how the detectibility of the
acoustic emission will be affected by changes in the test sensitivity.
Fig. 12 illustrates a typical cumulative distribution histogram of an actual hit data which
was collected during the MD uniaxial testing of a green liquor specimen at conditions of
room temperature, 50% relative humidity, and crosshead speed of 0.05 in/min. All of the
samples tested exhibited a similar trend. The ordinate of the plot at point 1 represents
S
Report Status
~w ~ the total number of hits that were recorded during the uniaxial tensile testing of this
· particular sample. The abscissa of point 4 signifies the highest signal amplitude that was
a· ~ measured during the experimentation, which was considerably larger than any other
acoustic hit recorded. It is of interest to note that only one such hit was seen during the
· entire testing of the sample. This hit always occurred either at or close to the maximum
0 fracture load of the specimen. The cumulative hit distribution record also shows that the
I distribution function has a point of inflection. Alternatively when the differential
distribution of hits at various amplitudes is considered (Fig. 13), it is observed that this
point of inflection corresponds to the point of maxima on the differential distribution
· curve (shown here as a histogram). This point is believed to be the incipient point that
·*would separate two entirely different types of acoustic records each belonging to a
· different class of deformation mechanism. It is possible to distinguish among three
different regimes of amplitude (Fig. 12):
· ~* (1) The low-amplitude acoustic hit regime: This is the portion of the graph between
· points 1 and 2, which is probably associated with the structural events that occur on the
microscale. This regime of acoustic data has entirely different characteristics than the
rest of the data.
· (2) The intermediate-amplitude acoustic hit regime: This refers to the acoustic body of
~· ~ data between points 2 and 3 on the cumulative hit distribution curve. It is believed that
mesostructural events such as single fiber fracture and fiber debonding occur during this
*~· regime.
*· ~ (3) The "silent" regime: This is the interval between points 3 and 4 at which no acoustic
activity occurs.
* (4) "The Principal Hit": This refers to the hit with the largest amplitude (point 4). This is
· undoubtedly associated with a macroscopic event which causes the final fracture of the
· specimen. It is believed that the mechanism which is responsible for the generation of
the principal hit and the final fracture is that of the massive fracture (or cutting) of the
* fibers in the web, which gives rise to a self-similar macroscopic crack propagation across
* the fibrous network structure.
Apart from the principal hit defined above there are often one or two hits at amplitudes
considerably lower than the principal hit (e.g. 70 db), but larger than the rest of the hit
* data (point 3). Such hits may be referred to as the "Second Principal Hits." The second
principal hits are associated with the mechanisms (possibly on the mesoscale) that are
· responsible for initiating the macroscopic fracture process. In other words, when such
events occur the damage process becomes unstable, thus giving rise to macroscopic crack
propagation.
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Fig. 14 summarizes the amplitude of the principal hit for the samples of green liquor
when tested in MD, at normal conditions (room temperature, relative humidity of 50%),
and under a monotonically increasing uniaxial tensile loading. It is interesting to note
that the amplitude of the principal hit is almost always the same for all the samples
tested at various speeds. This corresponds to an average of about 96 db. In fact the
results of the tests conducted on the paper samples of other pulp types (recycled, caustic 
carbonate, NSSC) also indicate that the value of the principal hit is about 96 db. The
amplitude of 96 db may be considered as the "acoustic signature" for the fracture of
corrugating paper when it is stressed uniaxially under tension in the MD direction. It is
believed that this amplitude level corresponds to a macroscopic event in which a self-
similar crack is propagating in the paper material.
The amplitude of the second principal hit(s) for the green liquor medium tested under
the aforementioned testing conditions has been shown in Fig. 15. From this figure it may
be deduced that the amplitude of the second principal hit decreases slightly as the
crosshead speed is increased. Fig. 16 summarizes the amplitude data at the point of
inflection of the hit distribution curve. It is interesting to note that for all the samples
tested the point of inflection is constant and corresponds to a value of 35 db. It may be
therefore, concluded that the interval II in Fig. 12 decreases as the loading is carried out 
at higher speeds. The data corresponding to the ordinate (cumulative hit) of the point of
inflection of the cumulative hit distribution curve has been graphically illustrated in Fig.
17. It may be seen that the cumulative hit at the point of inflection of the hit distribution
curve also decreases as the crosshead speed is increased. Therefore, it may be concluded
that the shaded area A under the right half portion of the cumulative hit distribution
curve (Fig. 12) decreases a the crosshead speed increases. It was previously elaborated
that the primary effect of the loading rate on the constitutive behavior of the material is
that it decreases the ductility (or toughness) of the paper material. It is, therefore,
proposed that the area A under the hit distribution curve (on right hand side of its point
of inflection) may be considered as a measure or indication for ductility or toughness of
the paper material. This definition is particularly appropriate when it is considered that
the hits in the interval II are related with the mesostructural events which eventually lead
the specimen to instability and final fracture. The effect of crosshead speed on the total
number of acoustic hits is shown in Fig. 18. It is evident that the number of hits increases
as the test is conducted more slowly. This is to say that at lower crosshead speeds more
deformational events are occurring on the microscale, which increase the overall stretch
of the fibrous network structure.
A typical point plot of counts versus amplitude is shown in Fig. 19. Each hit is shown as
one point on the plot. The ordinate of each point shows the actual counts which gives
information about the size and the shape of the waveform. This type of plot is used for
data quality evaluation, and specifically for identifying the commonly encountered




impulsive defect sources form a diagonal band which run across the plot. There are also
~* ~ some isolated hit records which fall either above or below this band. These are products
*· ~ of extraneous noise that are sometimes picked up by the sensor [40]. It is possible to
distinguish between at least two types of extraneous noise. Some signals fall below the
main band because they are not prolonged by acoustic reverberation. The common
~* ~ source of these noise signals is from electromagnetic interference. Some signals are
*· ~ above the main band because the source process is extended in time, and it is not of an
*· ~ impulsive origin. These noise signals are most likely due to friction. It is evident that
apart from the few isolated and noise-related hit records the acoustic data fit into a well
~* ~ definable function. It is also possible to distinguish among four different amplitude
*· ~ regimes:
(1) Regime I at which the magnitude of the amplitude is below that corresponding to the
~* ~ point of inflection of the cumulative hit distribution curve (35 db). During this regime,
* the number of counts does not change with the amplitude.
(2) Regime II at which the number of counts changes monotonically nonlinear with the
amplitude.
*· ~ (3) Regime III at which the number of counts varies linearly with the amplitude.
(4) Regime IV at which no acoustic activities occur.
~* ~ These classifications are consistent with those introduced for the hit data. Regimes I and
*· ~ IV are exactly the same as before. Regime II in the cumulative hit distribution data has
now been divided into two separate regimes here, which correspond to a body of hit data
at which the count increases monotonically with the amplitude, once nonlinearly, and
* once linearly, respectively.
Distribution functions using other signal measurement parameters can also be useful in
studying the acoustic emission behavior. A typical record of the cumulative counts
· distribution versus amplitude is shown in Fig. 20. The shape of the distribution curve is
* very similar to that observed for the hit data. All samples exhibited a point of inflection
* at about 45 db. The corresponding plot of the differential distribution record is shown in
Fig. 21. It is seen that significant changes in the cumulative counts data are obtained only
* at amplitudes above 35 db. There is a major jump in the cumulative counts level at the
* principal hit (amplitude of about 96 db). This jump accounts for a good portion of the
overall cumulative counts level (about 20-50%). There is also a relatively large
contribution of the counts level to the overall cumulative counts at 45 db. The effect of
crosshead speed on the cumulative counts is illustrated in Fig. 22. As the crosshead




A similar cumulative distribution curve may be obtained for energy as is shown in Fig.
23. It is evident that a significant amount of acoustic energy comes from the principal hit.
Sometimes this is larger than the total energy dissipated by all the other events. The
ratio of the energy at the principal hit to that of the total cumulative energy changes
drastically from sample to sample (47-93 %). A typical histogram plot of energy versus
amplitude is shown in Fig. 24. It is again possible to distinguish among three different
regimes for amplitude:
(1) Regime I, at amplitudes less than 35 db: The energy does not change with amplitude 
significantly, and there is no clear pattern for which the relation between energy and
amplitude may be described.
(2) Regime II, at amplitudes between 35 db and that corresponding to the second 
principal hit: The energy monotonically increases with amplitude.
(3) Regime lm, at amplitudes between the second principal hit and the principal hit:
Here, no acoustic activity occurs.
The effect of crosshead speed on the cumulative energy is illustrated in Fig. 25. It is
evident that the cumulative energy decreases as the crosshead speed is increased.
A typical cumulative distribution plot of duration versus amplitude is shown in Fig. 26.
This figure indicates that a considerably large portion of the overall duration comes from
the principal hit. It is again possible to distinguish among the same three regimes of
amplitude: 
Regime I, <35 db: Duration changes only slightly with amplitude, and without any clear
pattern.
Regime II, 35 db to second principal hit amplitude: Duration increases monotonically
with amplitude.
Regime mII, second principal hit amplitude up to 96 db: No acoustic activities occur.
The results of the experiments discussed so far emphasize the importance of the concept
of the "principal hit" in determining the fracture or failure of a paper material. More
broadly speaking, the principal hit may be defined as the single acoustic event which is
responsible for a considerably large portion of the overall acoustic energy dissipated. It is
also the hit at which all other acoustic parameters (amplitude, count, duration) are ·
considerably larger than any other hit. Fig. 27 illustrates the correlation between the
principal hit load and the maximum load at which the samples were seen to physically
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~* ~ fracture. It is evident that for most practical purposes the principal hit load and the
~* ~ fracture load are the same. The peculiarity or discrepancy occurs only in a very small
~* ~ number of samples in which the principal hit load is only slightly lower than the fracture
load. Such a discrepancy is more related to the exact scheme in which fracture
propagates across the specimen. If the fracture does not propagate across the web with a
~* ~ sufficiently high speed, the specimen is not yet separated into two pieces, and there is
~* ~ still time for the material away from the fracture line to withstand additional loads. The
material still deforms slightly, while the main crack is propagating in the web. As a
result, the maximum load the paper material can resist is slightly higher than the
~* ~ principal hit load. The exact details of the crack propagation process and certain
~* ~ peculiarities are, however, not very important because in most cases it is seen that a self-
~* ~ similar brittle fracture governs. It may be considered that the load at which the principal
hit is obtained truly reflects the ultimate load capacity of the paper material. Once this
~* ~ load is reached the material is totally unstable, and it is only a matter of time in which
~* ~ the specimen separates into pieces. The effect of crosshead speed on the principal hit
load for the samples considered before is shown in Fig. 28. The results indicate that the
principal hit load increases slightly as the crosshead speed increases. This trend is
consistent with the results of the tensile strength discussed earlier. The effect of
crosshead speed on the principal hit data (energy, counts, duration) are shown in Figs.
~* ~ 29-31. Basically, as the crosshead speed is increased the severity of the principal hit
decreases. This is indicative of a less compliant, more brittle behavior, as was discussed
earlier. Therefore, the results of the acoustic experiments are consistent with the
~* ~ constitutive behavior discussed earlier.
~* Load History Data
A history plot of acoustic data versus load is the most fundamental plot that directly
~* ~ relates cause to effect. It is particularly useful for characterizing the damageabilty of a
*· ~ material. A material which is extensively defective and highly prone to damage
accumulation begins to emit at low loads. On the contrary, a material with good
structural integrity gives less emission at all load levels [41]. Fig. 32 shows a typical load
~* ~ history plot of hit data for a green liquor specimen when tested under normal conditions
~* ~ at crosshead speed of 0.05 in/min. This plot is in the min-max cumulative form which is
*· ~ convenient for reading off the total emission quantity at any given load level. It is seen
that the acoustic emission activities initiate at a relatively low load level (although above
~* ~ the elastic limit); but initially there are relatively very few acoustic activities. It is
possible to categorize the following sequence of events:
(1) Acoustic emission activities (the damage process) initiates at point 1.
~* ~ (2) In the load interval from point 1 to point 2 there is a sporadic and very little
accumulation of acoustic activities (i.e. damage progresses very slowly). This regime of
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loading may be referred to as the initial or low damage state. 
(3) In the load interval from point 2 to point 3 there is a progressive accumulation of
acoustic activities. This regime of loading may be referred to as the progressive damage
state.
(4) At point 3 there is a significant jump in the total acoustic hits. This regime of loading
may be referred to as the intense damage state, which leads to fracture.
A differential load history plot of a hit data is shown in Fig. 33. This plot specifies the 0
number of hits that the material emitted at a particular level. This plot re-emphasizes ·
the fact that the frequency of the acoustic activities increase with loading. Initially, in the
slow damage regime, the acoustic activities occur sporadically. Later, in the progressive
damage stage, the frequency of acoustic activities increases drastically. It is also evident 
that the differential number of hits at a particular load level does not necessarily 
increases with loading. However, the number of differential hits at the fracture load is
the highest and considerably larger than the number of hits obtained at any other load
level. The majority (two third) of the samples tested exhibited the behavior shown in
Figs. 32 and 33. For the remaining samples the initial or slow damage stage was totally
absent. For these samples the acoustic activities began at a considerably higher load,
which was comparable with the load level at point 2 in the previous case (see Fig. 34). It
is believed that due to the absence of certain types of initial defects the acoustic activity
(or damage) was delayed until higher loads were reached, and then at such levels new
defects were created and other less critical defects began to propagate.
The load history aspect of acoustic behavior was also studied with reference to other
acoustic parameters such as the counts, energy, and duration. It was found that for all
the different acoustic parameters considered the trend is similar to that of the hit data ·
discussed earlier. It was generally possible to distinguish between the "initial" and the 
"progressive" damage stages. Definitions of the initial and progressive damage stages and
their onset loads, however, very much depend on which acoustic parameter is used.
Generally, hit gives the largest progressive damage interval, while the progressive 
damage interval associated with energy is the smallest. Counts and duration fall in 
between, with counts giving a relatively shorter interval for the progressive damage stage.
Typical value for the incipient point at which progressive damage starts is 90% of the
maximum loading for the energy case and 70% for the case of hit data.
As far as the load history is concerned the crosshead speed has a pronounced effect on 
the acoustic activities only at higher speeds. In fact it was experienced that when tested
at crosshead speed of 0.5 in/min and under the same testing conditions, green liquor
exhibits a similar trend to the one discussed before. However, when the speed of the 
testing is increased to 5.0 in/min there is the evidence that the acoustic activities occur 
more sporadically (see Fig. 35). It is no longer possible to distinguish between the initial
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· and progressive damage stages as was pointed out earlier. The acoustic hits now occur at
· relatively large discrete load intervals. The number of these discrete load intervals is
~* ~ much smaller than when tested at lower speeds. It is interesting to note that for all the
samples tested the load interval at which the acoustic activities occur becomes
progressively shorter as the loading is increased. There is also a tendency towards
· obtaining a larger number of acoustic hits as the loading is increased (see Fig. 36). When
· the crosshead speed is increased to 10 in/min damage is even more sporadic Fig. 37).
The number of load intervals at which acoustic hits occur becomes even smaller. The
number of hits at a given load level (differential hits) monotonically increases with the
· loading.
~* ~ The Effect of Relative Humidity on the Constitutive and Acoustic Emission Behavior
Introduction
~* ~ Samples of corrugating paper were conditioned at normal room temperature (720 F) and
relative humidity of 30%, 50 %, 70%, and 90%, respectively. They were kept in the
conditioning chamber until they could be tested by an Instron Machine. Just prior to the
· time of testing they were stored and carried in plastic bags to the testing lab. Tests were
· conducted under uniaxial tensile loading at a crosshead speed of 0.5 in/min. It was
intended that the time of the test should be short enough as to minimize moisture losses
by the specimens during tensile testing. At the same time it was planned to test the
* samples at such a speed as to ensure that a relatively abundant record of acoustic data
* could be generated. Although experiments were conducted on a variety of corrugating
· * ~ papers in both MD and CD directions only the results of experiments performed on
green liquor and in the MD direction will be analyzed and presented in this manuscript.
The analysis of the other body of data will be presented in a separate report in the
· future.
d~· Discussion of the Constitutive Data
· Typical stress-strain curves for green liquor at various conditions of relative humidities
· are shown in Fig. 38. A similar shape is obtained for the stress-strain curve at all
d· ~ humidity conditions, which follows the classic linear-nonlinear trend. Although the elastic
limits for the conditions of 30, 50, and 70% relative humidity are comparable (elastic
· ~* limit only reduces slightly with increasing the relative humidity), the behavior for the
· 90% RH is remarkably different. For the 90% RH condition the elastic limit is
· d ~ considerably less. There is also a large drop in the ultimate tensile strength. Fig. 39
summarizes the effect of relative humidity on average tensile strength for all the samples
tested. Similar results are obtained for the elastic modulus (Fig. 40). The extensive
· reduction in the values of tensile strength and the elastic modulus for the 90% relative
humidity condition is due to the softening of the lignin and hemicellulose components of
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the fibers in the paper, which gives rise to a plasticizing effect [42-43]. The effect of 
relative humidity (or moisture content) on stretch has been illustrated in Fig. 41. It is
evident that the stretch increases as the relative humidity (or moisture content) is
increased in the sheet. It is also of interest to note that at lower values of relative
humidity (30, 50% RH) the stretch is almost constant. The increase in stretch is
approximately proportional to the moisture content (or relative humidity) at relative
humidity levels above the room condition (50% RH). Therefore, although very high
moisture contents (e.g. those corresponding to 90% RH) have drastic effects on the
elastic limit and the ultimate tensile strength of the paper, the effect on the stretch is not
comparable.
Discussion of the Acoustic Emission Data
All of the tested samples conditioned at various relative humidities exhibited the same
trend for the cumulative distribution function of hit with respect to the amplitude. One
such typical plot is shown in Fig. 42. These plots exhibited a point of inflection at 35 db.
This behavior is similar to the one experienced for the experiments involving different
crosshead speeds. It is believed that hits with the maximum amplitudes above and below
the 35 db threshold describe different acoustic events, perhaps originating from entirely
different deformation mechanisms. A similar type of classification for the hit record may
be introduced as the one suggested for the crosshead speed experiments. Namely, at least
three different regimes of amplitude may be distinguished:
(1) Regime I: low amplitude regime (<35 db).
(2) Regime II: intermediate amplitude regime (between 35 db and the second principal
amplitude).
(3) Regime mI: The no-hit regime (between the second principal and the principal
amplitude).
A glance at a typical hit record for the condition of relative humidity of 30% will show
that the regime II may be further divided into two separate regimes: the low hit regime
and the higher hit regime. This distinction is possible at the amplitude level of about 45
db. These results suggest that different types of deformational processes are in effect at
above and below the maximum amplitude level of 45 db. The effect of relative humidity
on the magnitude of the principal amplitude has been shown in Fig. 43. It is of interest
to note that the principal amplitude is basically constant for the paper provided the
relative humidity is not extensive (e.g. 90%). It is believed that at such high levels of
relative humidities water interacts with the fiber components drastically thus changing
the overall microstructure of the fibrous system. The deformational process, and
particularly, the fracture mechanism becomes entirely different. This gives rise to
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generation of a completely different signal of a notably lower intensity at the source. Fig.
44 illustrates the effect of relative humidity on total cumulative hit for the
aforementioned paper samples tested. It is evident that the overall cumulative hit is
decreased as the relative humidity is increased. This is due to the softening of the paper
at higher moisture contents. There is also a drastic drop in the cumulative hit at relative
humidity of 90%. These results suggest that the there is a significant difference in the
progressive deformational process of paper at relative humidity of 90%. It may be also
deduced that the cumulative hit at the point of inflection decreases with increasing the
relative humidity. On the other hand, the maximum amplitude of the second principal hit
is, on average, somewhat similar at all relative humidities. Therefore, it may be
concluded that the area A under the cumulative hit distribution curve (Fig. 12) decreases
as the relative humidity increases. This result is analogous to the one found for the
crosshead experiments. In other words, the principal effects of crosshead speed and
relative humidity is that these factors both reduce the overall acoustic emission activities.
It is proposed here that these factors both reduce the toughness of the material through
different mechanisms. The crosshead speed reduces the toughness of the paper material
through stiffening and brittlizing. The relative humidity diminishes toughness by softening
and plasticizing.
Again, similar distribution curves may be constructed to illustrate the relation between
counts (or energy, or duration) and maximum amplitude. It is found that for all the
samples tested, and any of the acoustic emission parameters considered, all curves have a
similar shape as the hit data. Furthermore, significant changes in the cumulative values
of counts, energy, and duration are found only at maximum amplitude levels of above 35
db. Figs. 45-46 illustrate the effect of relative humidity on total cumulative counts and
energy, respectively. It may be concluded that the cumulative counts and energy decrease
as the relative humidity is increased. The impact of moisture content on the magnitudes
of principal hit counts, energy, and duration may be deduced from Fig. 47-49. It is
evident that all of these acoustic emission parameters decrease as the moisture content
in the sheet increases. The effect of relative humidity on the principal hit load is shown
in Fig. 50. It is of interest to emphasize the reduction in the hit load as a result of
increase in the relative humidity. It is particularly interesting to note the relative
reduction in the principal hit load at the relative humidity of 90%. Again, it seems
appropriate to conclude that in this case the paper material is failing by an entirely
different mechanism. Note that although increasing the crosshead speed enhances the
ultimate tensile strength, the principal effect of increasing the moisture content is that it
decreases the tensile strength. These results are, however, consistent with the behavior of
all solid materials. Namely, stiffening (or brittlizing) always increases the ultimate
strength, while plasticizing (or softening) reduces the ultimate strength. The principal
difference between the two is that stiffening (e.g. through increasing the load rate) causes
the material behavior to divert toward a more brittle behavior, while softening (as in the
case of humidifying) instigate a more ductile behavior. As a result, in the first case the
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material fails by a fracture process, possibly through self-similar crack propagation. On
the other hand, plasticizing causes ductile failure through perhaps void coalescence,
shear localization, or other pertinent mechanisms. It is not surprising to find that
increasing crosshead speed leads to decreased stretch, while raising the humidity level
gives rise to considerably higher (plastic) strains at failure.
Load History Data
A typical load history plot of cumulative hit data for a green liquor specimen when 0
tested under uniaxial tension and at a crosshead speed of 0.5 in/min and relative
humidity of 30% is shown in Fig. 51. It is seen that at least three distinct load regions
can be identified. In the first region, which may be considered as the low hit (or initial
damage) load regime, the total cumulative hit is either almost constant or changes very
slightly with the load. In the second regime, which may be referred to as the progressive ·
damage regime, there are considerably more acoustic emission activities. This regime is
the progressive damage regime, as was pointed out earlier. One may yet define a third
load regime, which is either at or very close to the maximum load, at which the acoustic
activities (or damage) becomes highly intense. The plot shown here is typical for all the
samples tested. Fig. 52 shows a typical load history plot of cumulative hit for a sample of
green liquor at the relative humidity condition of 90%. Again, a similar behavior is seen
as that of 30% RH but this time the progressive damage stage is much shorter, i.e., most
of the acoustic emissions occur at magnitudes closer to the final load.
Further Remarks on the Acoustic Emission Characteristics of Corrugating Paper
In order to better comprehend the acoustic emission behavior and the fracture
characteristics of corrugating paper the following experiments were conducted.
Specimens of green liquor corrugating paper were prepared under the normal lab
conditions (temperature of 730 F and at relative humidity of 50%). The size of the
specimens were the same as those indicated previously. Two tiny horizontal incisions
were introduced along the horizontal center line of the specimens starting from the outer
edges of the specimens. Care was taken as to make the geometric configuration of these
incisions as unified as possible. The objective of this kind of sample preparation was to
ensure that samples will fracture along the horizontal center line of the paper when
tested under uniaxial tensile loading (applied perpendicular to the line of incision). Two
sets of experiments were then performed at the crosshead speed of 0.05 in/min. In the ·
first set of experiments the transducer was mounted to at the center of the tensile
specimens (CUT1 experiments). In the second set of experiments the transducer was
mounted on the top of the sample, close to the upper jaw of the Instron Machine (CUT2
experiments). The objectives of these experimentation were:
(1) To compare the results of the tests performed on the CUT2 specimen with those of
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the uncut specimens considered earlier. During the experimentation on the uncut
specimens the transducer was always mounted at the center line of the specimens. It was
also observed that most of the uncut specimens separated at comparable positions close
to the upper jaw. The results of these experiments (with adequate filtration of those
cases that fractured at other locations), will be compared to those of the CUT2
experiments.
(2) To compare the results of the CUT1 and CUT2 experiments in order to understand
the effect of transducer location on the acoustic emission signal pick-up. This should give
some indication about the mechanism of acoustic emission wave propagation in paper.
Comparison of the CUT2 and Uncut Experiments
The stress-strain curves for typical cut and uncut samples are shown in Fig. 53.
Comparisons of the salient characteristics of the constitutive curve (namely the Young's
modulus for stiffness, ultimate tensile strength, stretch, TEA, and the elastic/proportional
limit) are also given in Figs. 54-58. From these data it may be concluded that:
(1) The stiffness is increased when the incision is introduced in the specimen (Fig. 54).
This result is inconsistent with the result obtained with other materials. In other
conventional materials the introduction of cracks to the specimen usually leads to
stiffness reduction.
(2) The ultimate tensile strength of the paper with the incision is considerably lower
(Fig. 55). This is very much in accord with the behavior of cracked solids. The
introduction of cracks reduces the overall strength of the solid.
(3) The stretch is much lower for the cut specimen (Fig. 56). This result can be readily
explained by the fact that the introduction of the incisions at the edges is expected to
give rise to localized fracture events. In other words, when the cracks are introduced to
the paper material a great deal of energy of the external loading is expended in
extending the incisions as opposed to randomly or uniformly deforming the sheet.
(4) The tensile energy absorption (TEA) is much less for the cut specimen (Fig. 57). This
is as expected, because much less energy is required to fracture a specimen with a crack
than a specimen without a crack.
(5) The nonlinear portion of the constitutive curve is longer for the specimen with
incisions (Fig. 58). This is also in accord with the characteristics of brittle solids which









most of the dissipative energy is used locally to extend the crack (localized damage) ·
rather than introducing new deformational mechanisms throughout the specimen
(distributed damage).
Fig. 59 shows a cumulative hit distribution curve for a typical CUT2 sample. The shape ·
of the distribution curve is the same as one for uncut samples discussed earlier. For all
the samples tested, the distribution curve shows a point of inflection at the maximum
amplitude level of 35 db. As was mentioned earlier, the 35 db amplitude marks the
incipient point between two distinct types of acoustic emission (or deformational) 
behavior. It may also be deduced that in the 3545 db interval there are relatively higher
jumps in the cumulative hit level (the high hit regime) than in the interval between 45 db
and the second principal hit amplitude (the low hit regime). The high hit regime and the
low hit regime are representatives of two distinct acoustic emission (or deformational)
behaviors. Fig. 60 compares the maximum amplitude at the principal hit for the CUT2 
and the uncut specimens. It is interesting to note that for the CUT2 specimens the
principal amplitude is also about 96 db. The mechanism of fracture for the cut specimens
is well defined. It occurs due to propagation of a single self-similar crack in the specimen
due to the fibers cutting across the web. It may, therefore, be concluded that the 96 db
amplitude is the acoustic emission signature for the propagation of a macroscopic crack 
across a paper specimen, which occurs as a result of massive cutting of the cellulosic
fibers across the paper web. The results of the cumulative hit for the uncut and CUT2
specimens are summarized in Fig. 61, which shows that a drastic reduction occurs in the ·
total cumulative hit level when incisions are introduced at the edges of the specimens. A 
similar result is obtained for the cumulative count (Fig. 62). The cumulative hit at the
point of inflection is also reduced drastically for the CUT2 specimens when compared
with the uncut samples. It was also found that, on average, the magnitude of the
maximum amplitude at the second principal hit diminishes when incisions are introduced
to the samples. Therefore, the area A under the cumulative hit distribution (Fig. 12) is
much lower in the case of the CUT2 specimens. This result confirms the conclusion that
the area A is representative of the overall toughness of the specimen, because a cracked
solid has a lower toughness than that of a solid with a crack. The results of the principal
hit data for the uncut and the CUT2 specimens are summarized in Figs. 63-65. It may be
seen that the principal counts, energy, as well as duration are decreased when incisions
are introduced to the paper samples. It is evident that in the absence of the incisions
more effort is needed, in the form of dissipative damage deformation, to nucleate a







Remarks Regarding the Role of the Sensor Position
In this section the results of the CUT1 and CUT2 experiments will be compared in an
attempt to see whether the position of the sensor has any impact on the acoustic
emission data. Fig. 66 compares and summarizes the results of the principal amplitude
~* ~ for the CUT1 and CUT2 experiments. Again, it is found that for all the samples tested,
*· ~ and in both cases, the principal amplitude occurs at about 96 db. Therefore, the value of
the principal amplitude is indifferent to the position of the sensor. These results reaffirm
the conclusion that the maximum amplitude is associated with a particular deformation
mechanism rather than the conditions of testing. The results of the total cumulative hits
~* ~ and cumulative counts are illustrated in Figs. 67-68 for the CUT1 and CUT2 specimens.
*· ~ Both the cumulative hit and the cumulative counts are considerably reduced when the
sensor is mounted remotely. The impact of the transducer position is even more serious
in the case of cumulative counts. The effect of sensor position on the principal hit data
~* ~ may be deduced from Figs. 69-71. These figures indicate that, on average, the values of
*) ~ the principal hit data could diminish by as much as a factor 2 when the sensor is
mounted remotely. These results are reflective of the fact that the acoustic emission
waves dissipate in the paper medium. This may occur either due to the damping nature
~* ~ of the paper material, or due to reflection, or possibly the particular sample geometry
~* ~ chosen. Whatever is the exact cause or the nature of the dissipative process, it is
*· ~ important to note that the position of the sensor is an important factor in the
interpretation of the acoustic emission data.
~* ~ New Definitions
The following pertinent definitions have arisen from the study of the acoustic emission
characteristics of paper:
· The Principal Hit -- This is the hit with the largest excursion. At the principal hit the
· magnitudes of all the acoustic parameters (amplitude, counts, energy, duration, etc.) are
considerably higher than any other hit. The load at which the principal hit occurs is at or
*) ~ very close to the maximum load that the material can resist.
* There is only one hit with the aforementioned characteristics.
The Second Principal Hits -- These are the hits with amplitudes closest to the principal
hit amplitude. There are often one, two, or at most a few such hits.
· The Silent Regime -- This is the amplitude regime at which no emission occurs. The
~· ~ silent regime is the amplitude interval between the principal hit amplitude and the
amplitude of second principal hits.
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Summary and Conclusions
Many interesting conclusions have emerged from these studies that may be emphasized.
These include:
(1) The amplitude of the acoustic emission signal's largest excursion is a very important
parameter which directly gives an indication of the type of the damage deformation that
is taking place in the paper material.
(2) The amplitude of 96 db may be considered as the "acoustic signature" for the
propagation of a self-similar crack in the paper web. The propagation of the crack is due
to the continuous cutting of the fibers in the network.
(3) At least three distinct regimes of amplitude may be identified: 
(I) Below 35 db, which is probably due to microstructural events (e.g. dislocation motion,
other shear mechanisms, moving and breaking of the fibrils, cavitational processes, etc.).
It is believed that these emissions are manifestations of the plastic behavior of the paper
material. One practical example for this would be the relief of residual stresses in the
network.
(II) Between 35 db and 45 db. This is probably due to some mesostructural processes
such as fiber debonding.'
(IE) Between 45 db and the second principal amplitude (roughly 65 to 70 db). This is
probably due to breakage of some individual fibers. These occur less abundantly than the
hits described previously.
(4) The area under the cumulative hit distribution curve may be considered as a
parameter which is indicative of the "failure toughness" of the paper material. Note that
the term "failure" is not necessarily restricted to brittle fracture.
(5) The total number of hits (as well as counts) decreases as the loading rate is
increased.
(6) The severity of the principal hit (as reflected by the magnitudes of principal counts,
energy, and duration) decreases as the loading rate is increased.
(7) Loading rate does not affect the principal amplitude.
(8) The area under the cumulative hit distribution curve decreases as the loading rate is
increased. The material behaves in a less compliant, more brittle manner.
Page 115Report StatusProject 3571
Report Status
~w ~ (9) The principal effect of loading rate on the acoustic emission behavior is that it
~* ~ changes the frequency of its occurrence in terms of the loading interval of emission. At
· * ~ low loading rates there is a distinction between "low emission" and "frequent emission"
states. As the loading rate is increased, emission becomes more sporadic until there is no
· ~* distinction between the low emission and the frequent emission stages. However, the
· loading interval in which sporadic emissions occur becomes progressively shorter as the
· loading is increased. As the loading rate approaches an optimally fast speed there is the
evidence that the number of emissions at a given load becomes increasingly higher.
· (10) The total number of hits (as well as counts) decreases as the relative humidity
*· ~ increases.
(11) The severity of the principal hit (as reflected by the magnitudes of principal counts,
energy, and duration) decreases as the relative humidity is increased.
(12) Relative humidity does not affect the principal amplitude except at very high levels
of humidities. It is believed that at such humidities the fibrillar structure of the paper
· 0 ~ changes. As a result the paper material deforms under different mechanisms, and the
· principal amplitude drops to a lower level which is reflective of a more plastic
· deformational behavior.
(13) The area under the cumulative hit distribution curve decreases as the relative
· humidity is increased. The material behaves in a more compliant, plastic manner.
~* ~ (14) The principal effects of high loading rate and high humidities are to accelerate the
paper material towards failure. However, in each case a totally different mechanism is in
· effect. In the former case, failure occurs due to brittle fracture, while in the latter ductile
· mechanisms such as shear localization are responsible for failure.
(15) Finally, the location of the sensor has a strong effect on the magnitude of the
acoustic emission. Generally, the acoustic emission waves dissipate in the paper material
· as the waves travel through the material.
· Goals or Plans for Future Research Activities
· For the remainder of the year as well as next year we plan to continue with our acoustic
· emission/damage studies of paper. In particular, we plan to:
1. Complete the testing of the other corrugating medium samples.
~· ~ 2. Complete the analysis of the experimental results.
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on acoustic emission pattern and damage. Additionally, we plan to study papers which
are known to exhibit extremely different bonding and fiber properties. The idea is to be
able to distinguish between two extreme types of acoustic energy signatures: one 
corresponding to predominant fracture of fibers, and the other to fiber bond breakage.
The cases of bleached and unbleached pulps have been suggested to be good candidates
for this study.
Although the present acoustic emission software enables one to record a variety of
acoustic emission parameters that are useful in understanding the overall deformational
damage behavior of a paper subjected to loading, it is of interest to more closely
examine the original acoustic signals and perform Fast Fourier Transform (FFT) analysis
of the signal in order to differentiate among various acoustic signatures. We also plan to
design new experiments for studying the acoustic emission fracture behavior of paper,
which will be guided by the available fracture mechanics theories commonly used in
other fields. The Overall challenge will be to be able to distinguish between various
modes of damage on the microstructural level. The methodology will be to observe the
fibrous network structure under microscope as the sample is being progressively
damaged, and to identify the exact modes of damage (disbonds, fiber fracture, voids,
etc.) occurring during the tensile straining process. Various microscopic techniques will
be explored including:
a. Scanning electron microscopy
b. Transmission electron microscopy
c. Scanning laser microscopy.
Priority will be given to the scanning electron and the scanning laser microscopy
techniques. The Institute has recently acquired a new scanning electron microscope. A
tension device needs to be mounted on the new SEM in order to be able to stretch a
sample continuously and monitor its damage progressively. The scanning laser
microscope (SLM) has been successfully applied to non-destructive evaluation of semi-
conductor materials and devices in the past. Its operation is based upon the concept of
confocal optics which uses the same objective lens for illumination and reflection.
Capable of real-time imaging, it is indispensable for observing samples that change their
Report Status
~* ~ morphology quickly such as one containing a fast propagating crack. It is particularly
~* ~ advantageous in the field of pulp and paper research because contrary to SEM, no pre-
*· ~ treatment of the sample is required. Apart from the microscopic (and the more detailed)
acoustic emissions non-destructive evaluation, we plan to study paper as a damaging
continuum and try to model its constitutive behavior analytically.
*· ~ The results of these experimentation and the new research will be reported under a
*· ~ separate project titled " The Acoustic Emission and Damage Constitutive Characteristics
of Paper and Board."
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Fig. 2 A typical burst-type acoustic emission waveform


















































Fig. 3 A typical continuous acoustic emission waveform
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Fig. 4 Illustration of the definition of counts.
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Fig. 5 Illustration of the definitions of amplitude, energy,
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Fig. 7 Constitutive curves for green liquor corrugating paper
conditioned at 50% RH, and tested in MD under uniaxial
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Fig. 8 The effect of crosshead speed on elastic modulus
for green liquor corrugating paper conditioned at 50% RH,
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Fig. 9 The effect of crosshead speed on tensile strength for
green liquor corrugating paper conditioned at 50% RH, and























Report Status Page 132
* Stretch (%)
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Fig. 10 The effect of crosshead speed on stretch for green liquor
corrugating paper conditioned at 50% RH, and tested in MD
<*|~~ under uniaxial tensile loading.
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Fig. 11 The effect of crosshead speed on tensile energy
absorption (TEA) for green liquor corrugating paper
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Fig. 12 A typical cumulative distribution plot of hit versus
amplitude for green liquor corrugating paper
conditioned at 50% RH, and tested in MD under uniaxial




Fig. 13 A typical differential distribution plot of hit versus
amplitude for green liquor corrugating paper conditioned
at 50% RH, and tested in MD under uniaxial tensile



















































Fig. 14 Summary of the principal hit amplitudes for green liquor
corrugating paper conditioned at 50% RH, and tested in
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Fig. 15 Amplitude at the second principal hit for green liquor 
corrugating paper conditioned at 50% RH, and tested in
MD under uniaxial tensile loading at various crosshead
speeds.
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Amplitude at the point of inflection of the cumulative
hit distribution curves for green liquor corrugating
paper conditioned at 50% RH, and tested in MD under
uniaxial tensile loading at various crosshead speeds.
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Fig. 17 Ordinate at the point of inflection of the cumulative
hit distribution curves for green liquor corrugating
paper conditioned at 50% RH, and tested in MD under
uniaxial tensile loading at various crosshead speeds.
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Fig. 18 The effect of crosshead speed on total cumulative hits
for green liquor corrugating paper conditioned at 50%
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Fig. 20 A typical cumulative distribution plot of counts versus
amplitude for green liquor corrugating paper conditioned
at 50% RH, and tested in MD under uniaxial tensile
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Fig. 21 A typical differential distribution plot of counts
versus amplitude for green liquor corrugating paper
conditioned at 50% RH, and tested in MD under uniaxial
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Fig. 22 The effect of crosshead speed on total cumulative counts
for green liquor corrugating paper conditioned at 50%
* RH, and tested in MD under uniaxial tensile loading.*~~~~~~~~......~......AW'. ..........
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Fig. 23 A typical cumulative distribution plot of energy versus
amplitude for green liquor corrugating paper conditioned
at 50% RH, and tested in MD under uniaxial tensile
loading at crosshead speed of 0.05 in/min.
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Fig. 24 A typical histogram plot of energy versus
amplitude for green liquor corrugating paper conditioned
at 50% RH, and tested in MD under uniaxial tensile
loading at crosshead speed of 0.05 in/min.
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Fig. 25 The effect of crosshead speed on total cumulative energy
for green liquor corrugating paper conditioned at 50%
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g. 26 A typical cumulative distribution plot of duration
versus amplitude for green liquor corrugating paper
conditioned at 50% RH, and tested in MD under uniaxial
tensile loading at crosshead speed of 0.05 in/min.
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Correlation between the principal hit load and the
maximum failure load. Experiments conducted on green
liquor corrugating paper conditioned at 50% RH, and
tested in MD under uniaxial tensile loading at crosshead
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The effect of crosshead speed on the principal hit load
for green liquor corrugating paper conditioned at 50%
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The effect of crosshead speed on the principal energy ·
for green liquor corrugating paper conditioned at 50%















AVG. 1449 AVG. 1420 AVG. 1282
STD. 485 STD. 581 STD. 670




0.05 0.5 5.0 10.0
Crosshead Speed (in/min)
Fig. 30 The effect of crosshead speed on the principal counts
for green liquor corrugating paper conditioned at 50%


































































Fig. 31 The effect of crosshead speed on the principal duration
for green liquor corrugating paper conditioned at 50%




Report Status Page 154
Fig. 32 A typical min-max cumulative load history plot of hit
for green liquor corrugating paper conditioned at 50%
RH, and tested in MD under uniaxial tensile loading at





































A typical differential load history plot of hit for
green liquor corrugating paper conditioned at 50% RH,
and tested in MD under uniaxial tensile loading at
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Hit
Load
Fig. 34 A typical min-max cumulative load history plot of hit
for green liquor corrugating paper conditioned at 50%
RH, and tested in.MD under uniaxial tensile loading at
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Fig. 35 A typical min-max cumulative load history plot of hit
for green liquor corrugating paper conditioned at 50%
RH, and tested in MD under uniaxial tensile loading at
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Fig. 36 A typical differential load history plot of hit for
green liquor corrugating paper conditioned at 50% RH,
and tested in MD under uniaxial tensile loading at
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Fig. 37 A typical differential load history plot of hit for
green liquor corrugating paper conditioned at 50% RH,
and tested in MD under uniaxial tensile loading at
crosshead speed of 10.0 in/min.
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Fig. 38 Constitutive curves for green liquor corrugating paper
conditioned at various RH, and tested in MD under
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The effect of relative humidity on tensile strength
for green liquor corrugating paper tested in MD, under
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The effect of relative humidity on elastic modulus
for green liquor corrugating paper tested in MD, under
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Fig. 41 The effect of relative humidity on stretch for green
liquor corrugating paper tested in MD, under uniaxial
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Fig. 42 A typical cumulative distribution plot of hit versus
amplitude for green liquor corrugating paper conditioned
at 30% RH, and tested in MD under uniaxial tensile
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Fig. 43 The effect of relative humidity on principal amplitude
for green liquor corrugating paper tested in MD, under
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Fig. 44 The effect of relative humidity on total cumulative hits
for green liquor corrugating paper tested in MD, under
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The effect of relative humidity on total cumulative
counts for green liquor corrugating paper tested in MD,
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The effect of relative humidity on total cumulative
energy for green liquor corrugating paper tested in MD,
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Fig. 47 The effect of relative humidity on principal counts
for green liquor corrugating paper tested in MD, under
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Fig. 48 The effect of relative humidity on principal energy
for green liquor corrugating paper tested in MD, under
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The effect of relative humidity on principal duration
for green liquor corrugating paper tested in MD, under
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Fig. 50 The effect of relative humidity on principal load
for green liquor corrugating paper tested in MD, under
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Fig. 51 A typical min-max cumulative load history plot of hit
for green liquor corrugating paper conditioned at 30%
RH, and tested in MD under uniaxial tensile loading at
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Fig. 52 A typical min-max cumulative load history plot of hit
for green liquor corrugating paper conditioned at 90%
RH, and tested in MD under uniaxial tensile loading at
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Fig. 53 Constitutive curves for CUT2 and uncut specimens of
green liquor corrugating paper conditioned at 50% RH,
and tested in MD under uniaxial tensile loading at






























Comparison of the elastic moduli for CUT2 and uncut
specimens of green liquor corrugating paper conditioned
at 50% RH, and tested in MD under uniaxial tensile
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Fig. 55 Comparison of the tensile strengths for CUT2 and uncut
specimens of green liquor corrugating paper conditioned
at 50% RH, and tested in MD under uniaxial tensile
loading at a crosshead speed of 0.05 in/min. 0













Fig. 56 Comparison of the values of stretch for CUT2 and uncut
specimens of green liquor corrugating paper conditioned
at 50% RH, and tested in MD under uniaxial tensile
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Fig. 57 Comparison of the values of TEA for CUT2 and uncut
specimens of green liquor corrugating paper conditioned
at 50% RH, and tested in MD under uniaxial tensile
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Uncut Cut2
Comparison of the values of elastic limit for CUT2 and
uncut specimens of green liquor corrugating paper
conditioned at 50% RH, and tested in MD under uniaxial
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Fig. 59 A typical cumulative distribution plot of hit versus
amplitude for CUT2 specimens of green liquor corrugating
paper conditioned at 50% RH, and tested in MD under
uniaxial tensile loading at crosshead speed of 0.05
in/min.
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Fig. 60 Comparison of the principal amplitudes for CUT2 and
uncut specimens of green liquor corrugating paper
conditioned at 50% RH, and tested in MD under uniaxial
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Fig. 61 Comparison of the cumulative hits for CUT2 and uncut
specimens of green liquor corrugating paper conditioned
at 50% RH, and tested in MD under uniaxial tensile 0
loading at a crosshead speed of 0.05 in/min. a
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Cum-Counts (Thousands)
Uncut Cut2
Comparison of the cumulative counts for CUT2 and
uncut specimens of green liquor corrugating paper
conditioned at 50% RH, and tested in MD under uniaxial






























Fig. 63 Comparison of the principal counts for CUT2 and
uncut specimens of green liquor corrugating paper
conditioned at 50% RH, and tested in MD under uniaxial
























Fig. 64 Comparison of the principal eneregies for CUT2 and
uncut specimens of green liquor corrugating paper
conditioned at 50% RH, and tested in MD under uniaxial




















Fig. 65 Comparison of the principal durations for CUT2 and
uncut specimens of green liquor corrugating paper
conditioned at 50% RH, and tested in MD under uniaxial


































Fig. 66 Comparison of the principal amplitudes for CUT1 and CUT2
specimens of green liquor corrugating paper conditioned at
50% RH, and tested in MD under uniaxial tensile loading at
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Fig. 67 Comparison of the cumulative hits for CUT1 and CUT2
specimens of green liquor corrugating paper conditioned
at 50% RH, and tested in MD under uniaxial tensile






































Fig. 68 Comparison of the cumulative counts for CUT1 and CUT2
specimens of green liquor corrugating paper
conditioned at 50% RH, and tested in MD under uniaxial

























Fig. 69 Comparison of the principal energy for CUT1 and CUT2
specimens of green liquor corrugating paper conditioned
at 50% RH, and tested in MD under uniaxial tensile











Fig. 70 Comparison of the principal durations for CUT1 and CUT2
specimens of green liquor corrugating paper conditioned
at 50% RH, and tested in MD under uniaxial tensile
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Fig. 71 Comparison of the principal counts for CUT1 and CUT2
specimens of green liquor corrugating paper conditioned
at 50% RH, and tested in MD under uniaxial tensile







































































* TECHNICAL PROGRAM REVIEW REPORT
* PROJECT TITLE: UTILIZATION OF RECYCLED FIBERS - Improved
* Performance of Recycled Fines
* PROJECT STAFF: J. Waterhouse, C. Esworthy
BUDGET (Fy 91-92):
REPORTING PERIOD: July 91 - March 92
* DIVISION: Engineering and Paper Materials
* PROJECT CODE: RECYCLED FIBERS
· ~ PROJECT NO: 3681
· OBJECTIVE:
Determine the impact of the fines component of various recycled furnishes on selected
paper properties including: mass density distribution, stiffness, strength, and pore size
· distribution.
SUMMARY:
· A survey of the literature relevant to the performance of recycled pulps, particularly the role
· of recycled fines, has almost been completed. Although the impact of fines on paper
· properties has received considerable attention, less is known about the impact of recycling,
contamination, and the behavior of fines from different pulp sources. Specific strategies for
~· ~ the separate treatment of fines does not appear to have received attention.
· Formation, an important quality related factor, is expected to continue to play a role in our
· recycling research. A Neural network approach is being investigated for possible
applications in this and other areas of papermaking, i.e., texture and pattern recognition
· applications. A Neural Network simulation has been conducted in relating visual uniformity
* to optical density measurements.
A progress report "Strength Improvement and Failure Mechanism - 2. Formation has been
distributed to member companies.
A paper entitled "Effect of Some Papermaking Variables on Formation" has been prepared
for publication, and is included in Appendix 1 of this report. Two papers entitled "The
Failure Envelope of Paper When Subjected to Combined Out-of-Plane Stresses" and
* "Strength Development Through Refining and Wet Pressing" were presented at the
International Paper Physics Meeting in Hawaii.
.
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1. INTRODUCTION ·
"Strength Improvement and Failure Mechanisms" Project 3469 was officially closed out in
July 1991 in order to re-direct resources toward a major new project embracing a number
of areas of activity in recycling. The specific area of concern dealt with here is the effect
of recycling on fines, their subsequent treatment, and contribution to paper and board 
properties. It is assumed initially, that in seeking ways to enhance the papermaking
properties of recycled pulps, that the long fiber and fines fraction will benefit from separate
and distinct treatments. By analogy, we often find that the separate treatment of softwood
and hardwoods can enhance the papermaking properties of blends of these pulps. 
2. REVIEW OF PAST PROJECT ACTIVITY (March 1991 - March 1992)
During the past year a second progress report "Strength Improvement and Failure 
Mechanism - 2. Formation" was completed and distributed to member companies. We plan
to use the IPST Formation Tester, which has the capability of making both optical and mass
density measurements in our recycling project.
A paper entitled "Effect of Some Papermaking Variables on Formation" has been prepared
for publication, and is included in Appendix 1 of this report. Two papers entitled "The
Failure Envelope of Paper When Subjected to Combined Out-of-Plane Stresses" and
"Strength Development Through Refining and Wet Pressing" were presented at the
International Paper Physics Meeting in Hawaii. ·
In the area of recycling, work to date has been mainly concerned with a review of the
literature. In addition, Keiichi Omori a student is working on a related project concerned
with measuring and characterizing the fines fraction performance of a number of recycled 
furnishes. We will also be concerned with the impact of fines level, type, and treatment on 
formation an important quality related paper property. In particular the relationship
between relationship between optical and mass density will be examined since it is clear that
the fines fraction of recycled pulps, i.e., their type and treatment, play an important role in 
determining optical properties. ·
The potential applications of neural networks, e.g. texture and pattern recognition in
formation etc., has been briefly investigated. A neural network simulation involving an input
of either optical or mass density measurements and an output of visual ranking is in ·
progress. Other possible applications involve wet end characterization with respect to 
formation, the relationship between optical and mass density.
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Other activity has included a research project (in co-operation with Dr. R. Stratton, IPST)
· funded by the National Science Foundation entitled the 'The Role of Melamine
~* ~ Formaldehyde in Currency Papers". The major concern here is with the ultimate removal
· of melamine formaldehyde from currency paper, and its replacement by a suitable
alternative. Our major concerns with this project is a better understanding of wet strength,
and minimizing the stiffness loss associated with the end use performance of currency
~* ~ papers. A presentation entitled "Wet Strength Characteristics of Cellulose-Melamine-
· Formaldehyde Composites" was made at Cellulose '91 held in New Orleans December 1991.
Chapter 4 "The Mechanical Properties of Paper" by John F. Waterhouse in Volume 9 Pulp
~* ~ and Paper Manufacture Series a Joint TAPPI/CPPA Text Book Series will be published
~* ~ shortly.
Two papers 'The Structural and Mechanical Properties of Handsheets containing Cell-Wall
· * Materials from Three Green Algae" authored by R. Atalla, J. Hackney, and J. F.
· ~* Waterhouse (oral presentation) and "Wet Strength Behavior of Paper" J.F. Waterhouse
*· @(poster presentation) have been accepted for the International Progress in Paper Physics
Meeting to be held in Otaniemi, Finland June 8-11, 1992.
* 3. DISCUSSION OF 1991 RESULTS
3.1 Improved Performance of Recycled Fines
· ~~* ~ The technical issues of recycling appear to fall into the following broad categories
namely:
1. Contaminant removal (e.g. printing inks, stickies, and other foreign materials
etc.)
2. Stock treatment and preparation to maximize the papermaking potential of
recycled furnishes (including re-pulping, bleaching and other chemical and
mechanical treatments).
* 3. Characterizing and determining the potential of recycled furnishes.
4. Improvement of current papermaking practices to enhance paper and board
recyclability.
Our current recycling project concerned with improving the performance of recycled fines
appears to fall into categories 2 and 3 given above.
0
I
Project 3681 Page 197
Project 3681 Status Report
The role of fines in papermaking has always been a somewhat controversial area, and even
less is known about the impact of recycling. It is well known that fines have an adverse
effect on the drainage resistance of a pulp, but can have a very positive benefit on some
paper properties, e.g., the mechanical properties of paper. How these papermaking
variables are affected by different recycling strategies has yet to be determined.
The main factors controlling the tensile strength of paper are shown in Figure 1. It is noted
that for a given level of bonding, i.e., R.B.A. or apparent density, strength is controlled by
interfiber bond strength, fiber strength, and fiber geometry. Densification by both combined
wet pressing and refining can increase strength by increasing R.B.A. or apparent density.
It is suggested that refining can lead to an increase in fiber strength and a reduction in stress
concentration.
It has been shown that refining does not increase interfiber bond strength when measured
on isolated bond pairs. However one of the major differences between isolated bond pairs
and the bonds in a sheet of paper is that fines are present in the latter situation. Therefore,
in paper, fines are not only expected to increase bonded area, but to reduce stress
concentration as shown in Figure 1. Stress concentration will be governed by the size, shape,
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Figure 1. Variation of Tensile Strength with

































One of the major consequences of recycling is to produce hornification, which is a loss in
· swellability, water uptake, and surface area, of both the long and fines fraction of a pulp.
· Other adverse affects can include contamination by inks and other materials as well as
· "damage" to the long fiber fraction.
To better understand the role of fines, particularly with respect to recycling, we will, for the
· time being, focus our attention on the fines fraction of a recycled pulp, its separate
· treatment, and subsequent impact on papermaking and properties.
Fines have been defined as the short fiber fraction, slime, flour, fiber debris, and crill. Some
· researchers have described fines as the pulp fraction which passes through a 200 mesh
* screen, while others have used a 150 mesh screen. Htun and De Ruvo (1) characterized
· * ~ fines from a bleached kraft pulp according to size, morphology, chemical composition,
swellability, physical structure, and mechanical properties. Using a Bauer McNett classifier
they showed that fraction passing a 200 mesh screen had the most effect on mechanical
* properties. This fraction had a higher water swellability, and resulted in handsheets with
· a higher density and improved mechanical properties. In this case the chemical composition
· () ~ of the fines was similar to the long fiber fraction, however, the crystallinity was lower.
· According to Mancebo and Krokoska (2), fines can be classified as being either primary or
· ~* secondary. Primary fines are present in the pulp prior to refining, and secondary fines are
· produced during refining. Primary fines are identified as fragments of parenchyma cells,
vessels, and the cell wall. Primary fines exhibit a higher lignin, ash, and extractive content
· than secondary fines or the whole pulp. According to the thorough review by Becher (4),
* it is generally agreed that primary fines contribute little to bonding.
~· ~ Sandgren and Wahren (5) used the term "crill" instead of secondary fines. They found that
the amount of crill increases approximately linearly with refining time, and has a large
· influence on the drainage properties of the pulp. With crill removal sheet density decreased
· resulting in an increase in tear and a decrease in tensile strength. It was stated that the loss
· () ~ in tensile strength attributed to a loss in density could be compensated for by an increase
in wet pressing, although no evidence was provided to verify this supposition.
· Kibblewhite (6) examined the quality and quantity of fines prepared from Pinus Radiata
*· ~ kraft pulps. He concluded that the quality and quantity of fines strongly affected pulp
freeness, but had little effect on paper strength.
· Lobben (3) found that the fines from chemical pulps had a significant effect on strength
*· ~ properties depending on fiber type and the extent of refining. The effect of fines were
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greater for a eucalypti kraft pulp than for a pine kraft pulp, with the effects being more
pronounced when the long fiber fraction was unbeaten. 
In a model study Terao et al (7) used a micro-fibrillated cellulose and a crystalline cellulose
(Avicel) to study the impact of fines on the structure and properties of paper. The
microfibrillated cellulose consisted of fibrils whose width was of the order of a few microns ·
or less, whereas the Avicel consisted of particles in the size range of width 10-30 m and
length 40-70 m. It was found that MFC increased sheet density and tensile strength while
Avicel had the opposite affect. It would be interesting to know whether this result was
simply a particle size effect or differences in structure, i.e., relative crystallinity. 
Nanko and Ohsawa (8) investigated the structure of interfiber bonding using transmission,
scanning electron, and scanning laser microscopes. The secondary fines of beaten pulps
were found to reside in the spaces between fibers on the surface of the fiber. They termed 
the layer between the fibers a "bonding layer" which is made of secondary fines and external ·
fibrils. It was conjectured that the bonding layer reduced stress concentration more than
the S1 layer of the fiber.
There is general agreement that recycling causes a decrease in strength properties of paper, ·
and it has been shown by a number of researchers that this decrease is related to a reduced
bonding ability of the fibers termed "hornification". Hornification, i.e., loss of swelling and
surface area, implies a loss of fiber flexibility. McKee (9) observed that the water retention
value (WRV) decreases with recycling. Lundberg and DeRuvo found a direct relationship
between WRV and tensile strength.
According to Mancebo and Kroska (2), the fines fraction of recycled pulp has a negative
impact on strength since they are only acting as filler material. The fines supposedly
become inert due to "hornification", and the effect is irreversible even with refining!
Szwarcstajn and Przbsysz (14) also found that fines and fibers become hornified with
recycling, and that strength properties decrease.
On the other hand, Hawes and Doshi (15) found that fines from recycled paper are effective ·
in increasing paper strength. They examined the impact of primary and secondary fines
from three pulp types, (a 50% yield northern softwood kraft, an 80% softwood-20%
hardwood recycled kraft pulp, and a southern pine/Virginia pine TMP) on an unrefined and
refined fines free recycled unbleached kraft bag paper. ·
The results of Hawes and Doshi (15) are shown in Figure 2. The level of fines added to the
unrefined fines free pulp was 20% and the level added to the refined fines free pulp was
around 8.7%. We see that a 20% fines addition to the unrefined fines free pulp results in ·
an increase in densification and strength. The kraft and recycled fines are about equal in
.
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performance while the TMP fines are much less effective. The recycled bag paper originally
contained about 20% fines, but strength and density figures for this paper are not given.
The influence of 8.7% fines addition on the fines free refined fiber, results in a reduction
of sheet density, although there is a net increase in strength, at least for kraft and recycled
fines addition. The reduction in sheet density is greatest for the TMP fines and the change
in strength is not significant. The reason for the reduction in sheet density with the
introduction of fines into refined pulp, as shown in Figure 1, is not immediately obvious.
This finding was noted, but not commented upon by the above authors.
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According to Howard (11), there are four ways to recover the lost property potential of w
recycled pulps and include: 
a. Beating or refining
b. Chemical treatment 
c. Blending with virgin pulp
d. Fractionation 
Bhat et al (12) used several techniques to enhance the strength of secondary fiber. They
examined refining, high shear field refining (HSR) and or alkali treatment. It was found that
a combination of alkali treatment followed by HSR was most effective, and in some
instances the performance of the secondary fiber almost equalled that of the virgin pulp. 
Ehrnrooth et al (13) examined the use of acetylation to reverse the effects of recycling. It
was found that acetylation resulted in swelling and strength properties being comparable
with those obtained using a never dried pulp.
Separate treatment of the long fiber and fines fraction of pulps does not yet appear to have
received consideration, although it seems clear that the respective treatments required may
be very different. Furthermore it does not appear that there have been any studies ·
concerned with the effect of contaminants on fines performance, which is another important 
aspect of recycling.
It is therefore proposed that the main objectives of this project are as follows:
1. Establish methods for determining the critical properties of fines.
2. Determine the effect of virgin and recycled fines from a number of pulp sources on
selected physical properties of paper. 
3. Evaluate various strategies for fines treatment.
3.2 Neural Networks 
An interest in Neural Networks arose out of our work in the area of formation, and the
potential for such application in the area of texture or pattern recognition. It seems
worthwhile to continue this topic in conjunction with our work in the area of recycling, and
its impact on formation.
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We begin with an introduction to neural network technology, after which possible areas of
application are discussed.
*· ~ Neural Networks are a type of parallel distributed processing. Parallel processors are
sometimes thought of as several conventional (Von Neumann type) processors operating in
tandem. However, parallel processing is fundamentally different than typical processing
· * ~ units in that information is stored not in memory cells, but in the relationship between
* memory cells.
This technology developed out of models used to understand how the human brain works.
· In the brain, the basic unit is the neuron. Each neuron is interconnected with other neurons
· via axons and dendrites. A neuron is only capable of sending a pulse or not (electrical
· analog of logical 1/0). The function of each neuron is to sum inputs sent to it from other
neurons. Then, if that sum exceeds the neuron's internal threshold, it will send a pulse to
*0 ~ the neurons on the "next level" of interconnections. The human brain contains on the order
* of 1011 neurons, each with as many as 10,000 connections. For the purposes of our model
*· ~ we will organize the neurons into distinct levels. Each node on any one level is fully
~· ~ connected to all of the neurons on adjacent levels.
~* ~ Now, each connection (axon) contains its own weight factor. So a pulse (value = 1) sent
* along a connection (weight = 0.5) will contribute 0.5 to the receiving neuron. The
· connection weight can be thought of as electrical conductivity (1/resistance) in that a weight
of 1 would indicate complete connection and a value of zero no connection.
~* ~ Let us concern ourselves with a typical neural network architecture, namely a three layer
* fully-interconnected network. Let a be the number of nodes on the bottom layer(A), b the
number of nodes of the hidden layer(B), and c the number of nodes on the top layer(C).
Then,
* A = [ A(), A(2), . . ., A(i), . . . , A(a) ]
B = [ B(1), B(2), ... B(j), . . ., B(b) ]
C = [ C(l), C(2), . . ., C(k), ... , C(c) ].
* Each node is connected to every node on the adjacent layer. Let W1 be the matrix of
* connection weights between the bottom layer and the hidden layer, and W2 be the matrix
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W1 = [ w(1,) w(1,2) . . . w(1,b) ]
[w(2,1) w(2,2) ... w(2,b)]
[ * * ]
[ * * ]
[ . . ]
[w(a,l) w(a,2) ... w(a,b) ]
where w(i,j) is the connection between the ith node of the bottom layer and the jth node on 
the hidden layer. W2 is defined in a similar manner between the jth node on the hidden
layer and the kth node on the top layer. Later it will be important to remember that the
connections are valid in both direction. 
To begin to move toward applications, we identify the bottom layer as the input layer with
A being the set (or vector) of our input values. The top layer is then the output layer (again
a vector). It should be mentioned at this point that it is possible to simulate a neural 
network using conventional computing methods. The problem is approached from a linear 
algebra standpoint and hardware implementation is reserved for another time.
Now we come to the real beauty of neural networks. The system is not programmed to ·
perform a specific function as conventional computers are. The system is trained by. 
example to imitate the process. The learning process is achieved through a variety of
paradigms. We will be concerned with the back error propagation method.
The first step in back error propagation is to seed the connection matrices with random ·
numbers. For simplicity we restrict the seed range to be from -1 to +1. This is not a
restriction of the value that connections might acquire through learning. Note that the
connections are allowed to have negative values, thereby contributing negative inputs to the
receiving node. This is vital to the convergence of the system to a useful state. ·
The network is then presented an input vector and is allowed to compute an output vector
with its current set of connection weights. The output vector is compared to the correct
output vector. An error vector of dimension c is computed that reflects the node by node
difference in the system output and the correct output. The network is then operated "in ·
reverse", propagating the error vector back through the system. This results in adjustments 0
to the connection weights that are computed so that the same input vector will trigger an
output that is closer to the correct answer. ·
The adjustments are made in small increments governed by the system's learning rate. The 0
back error propagation is repeated until the system settles into a state such that the input
vector gives the correct output vector.
0
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· * ~ In order to properly train the network, a sufficient number of samples must be used. These
samples constitute the training set. A sufficient number means that the samples in the
~* ~ training set, should adequately represent the range of properties to be tested. For instance,
· a training set for formation should include samples with very good formation and samples
· with very poor formation, as well as several intermediate levels. Each member of the
training set and it's associated correct output vector are presented to the network until a set
~* ~ of connection weights are found that give the correct output vector for each input vector.
* This is no small task as we are trying to solve N matrix equations of the form
C(n) = W2 W1 A(n)
· where n = 1 . . . N, the number of training samples. This problem quickly becomes
~* ~ intractable using conventional methods.
Once the system has been trained, the back error propagation is no longer used. The
connection weights are fixed and only the forward pass (bottom -> hidden -> top) is
· performed. The network will operate properly for new samples whose characteristics fall
*· ~ within the limits set by the training set. The quality of the network then becomes the
· > ~quality of the training set used.
Neural network technology is particularly useful when the equation governing a specific
· * ~ model are not known. For instance, when humans make a decision it is not always possible
~· ~ to quantify the factors contributing to that decision, i.e. when the decision tree is not known.
Neural networks have already found application in feature detection, pattern recognition,
· and signal analysis. A recent paper by Cook et.al. (16) uses a neural network to predict
· control conditions in particle board manufacturing.
Let us now consider possible applications in paper science. One model will be explored in
some detail, namely that of formation. There are several measures of formation, most of
* which are a quantitative measure of mass density or light transmittance readings over an
· area. Another measure used is the Visual Uniformity Ranking of paper, which may be
quantitatively determined using pair comparison techniques. In these comparisons the
judges are asked to rank the sample based on their individual definition of visual uniformity.
* A quantitative measure of formation that exactly relates to Visual Ranking has not been
* found. Therefore, assuming that there are other, and as yet not quantified, factors involved
· in the judges decision is reasonable. For this reason the ability of a neural network to
imitate the subjective decision of the judges was investigated.
* A neural network has been simulated at the Institute of Paper Science and Technology on
* the RISC/6000 minicomputer. This program uses as input the 6400 points of the 80mm X
80mm light transmittance matrix obtained from the IPST Formation Tester. The
hidden layer contains 100 nodes and the output layer contains 25. For software
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considerations the 25 nodes of the output layer are related to the 1-25 (25 best) scale of
Visual Ranking used by the judges. A Visual Ranking of say 12.5 is rounded to 13 and is 
represented by the vector
13 = [0000000000001000000000000].
The training set consists of offset samples. Six levels of formation are considered with two ·
samples from each level. The Visual Ranking of these two samples is similar, but not
necessarily equal. The 80 X 80 matrix is converted to a 6400 point vector. This vector is
inverted for each of the twelve samples giving twelve additional members in the training set
(24 total). The Visual Ranking for the "inverted" samples is set equal to its non-inverted
counterpart. The inversion of the data points is equivalent to a physical inversion of the test
sample, i.e. formation should be independent of physical orientation.
The results from this program are not yet available. Processing time is estimated at 35 hours 
on the RISC/6000. A preliminary network has been simulated and tested successfully.
Sixty-four formation vectors (dimension 100) were taken from a typical offset 80 x 80 matrix.
These vectors were assigned an arbitrary Visual Ranking. The purpose was to verify that
the three-layer neural net program, and the back-propagation were working properly. The
results were excellent. After the network was trained, each member of the training set was 0
presented again. The neural network gave the correct answer for all sixty-four samples.
The network was trained for 10000 iterations on each sample. The network probably
converged to a solution well before the 10000th iteration. A simple test can be added to
the program to determine if the network meets convergence criterion.
The long processing times involved in the previous example encourage us to look for ways
to optimize the network. One way to do this is to reduce the number of inputs on the
bottom layer. Certainly it is improbable that a human judge is concerned with light
transmittance at a 1 mm resolution. Preprocessing the raw data would reduce the number
of nodes required on the bottom layer. Several types of preprocessing are being considered.
Co-occurrence matrices (17) have been used to characterize formation in terms of
textural properties. This type of analysis is based on the Spatial Grey Level Dependence
Method. Haralick (18) has proposed a set 14 fourteen textural features that can be deduced
from second-order statistics of the co-occurrence matrices. Most researchers (19-25) only
consider the five most important ones, namely energy, contrast, correlation, entropy, and
homogeneity. Utilizing this method would reduce the number of input nodes to 14 (or 5).
A second type of preprocessing considers the relationship between increasing areas of the
sheet. A quantitative measure of this data might be any of the first-order statistics, such as
the mean, standard deviation or coefficient of variation (%CV). This method is informally
called the boxcar method. An 80 x 80 matrix might be processed in the following manner.
First the %CV of all 6400 data points is calculated. This is the input for the first node of 0
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the bottom layer. Next, the data is averaged together in 2 x 2 boxcars to give a 78 x 78
dimension matrix. The %CV is calculated and is used for the second input. This is
· repeated as many times as desired within the size limits of the original matrix. An 80 X 80
· data matrix might give seven values for input to the bottom layer.
Another way to reduce the size of the network is to optimize the hidden layer. The nodes
· of the hidden layer self-organize to detect distinct features in the bottom layer. By looking
· at the connection weights between each node of the hidden layer and all of the nodes of the
· bottom layer, we can see which "features" are most important. Let's say that energy, entropy
and contrast are being used for the input layer. For example, by examining the value in W1,
we might learn that energy and contrast are very important while entropy is negligible.
~* ~ Also, we can see which, if any, of the hidden layer are detecting the same feature and are,
· therefore, redundant.
These optimization will significantly reduce the number of calculations, and greatly increase
the learning time. Once the system is trained, i.e. once the values for W1 and W2 are
~* ~ determined, only one pass through the network is required for each input. The values of
· * ~ W1 and W2 are static and back error propagation is not required. Herein, lies another
important advantage of neural network. The network can be hard-wired by converting the
· connection weights into electrical resistances. If so desired, preprocessing can be performed
* by a microcomputer or dedicated board, thus supplying input to a neural network circuit
· e ~ of reasonable dimensions. Input signals are then processed in parallel, significantly
decreasing calculation time.
~* ~ In conclusion, the basic theory of neural networks has been presented. An application in
· the area of paper formation has been investigated and preliminary results are excellent. A
· full-scale implementation is currently being tested. Neural networks provide
us with a useful tool that despite appearances is surprisingly simple. Neural nets will find
* application in areas where relationships are too complex to quantify or where the decision
* tree is unclear and/or unknown.
4. CONCLUSIONS AND RECOMMENDATIONS
* A survey of the literature relevant to the performance of recycled pulps, particularly the role
· of recycled fines, has almost been completed. It seems reasonable to assume initially, that
in seeking ways to enhance the papermaking properties of recycled pulps that the long fiber
and fines fraction will benefit from separate and distinct treatments. Although the impact
of fines on paper properties has received considerable attention, less is known about the
* impact of recycling, contamination, and the behavior of fines from different pulp sources.
· Specific strategies for the separate treatment of fines does not yet appear to have received
attention.
*
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5. FUTURE ACTIVITY 
1. Establish methods for fines separation and characterization.
2. Determination of fines content a) before and after paper manufacture of selected
paper grades, b) selected recycled furnishes and of c) production versus laboratory
made papers.
3. Impact of fines (virgin fines, once dried-untreated, once-dried treated) on selected
paper properties in combination with the following furnishes:
a) Fines free virgin fibers at a low and high level of refining
b) Fines free virgin curled and microcompressed fibers
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EFFECT OF PAPERMAKING VARIABLES ON FORMATION
John F. Waterhouse
Associate Professor of Physics
INTRODUCTION
The purpose of this contribution is to report on the impact of some papermaking variables
on formation, we have recently examined using a formation tester which has the capability
of making both optical and mass density measurements.
With the recent emphasis on improving the quality of paper and board products there has
been a resurgence of interest in formation. Formation to many still remains a confused
area. This is in part due to the fact that there is no universally agreed on definition of
formation, although the coefficient of variation of mass density, i.e., CV(W) has recently
been proposed by Dodson (1) as a universal measure of formation. Furthermore, every
maker of either off-line or on-line formation sensors has there own index or measure of
formation.
Problems also arise when we try to directly relate formation measurements to the converting
and end use performance of paper, an area which is still in its infancy. These relationships
can be quite complex, but it has to be realized that in addition to formation other variables
may be involved. For example we can show that sheet strength is very much dependent on
formation, but there have been very few systematic studies (Seth (2)) involving other
variables controlling strength, e.g., fiber geometry and strength, interfiber bonding, and
grammage.
We have already mentioned measures or indexes of formation, and of course it would be
nice to keep life simple with one universally agreed upon measure of formation, i.e. CV(W)
as suggested by Dodson (1). This author believes that we can go a long way with this
definition, and need to more thoroughly explore its possibilities. However, as Cresson (3)
and others have pointed out, papers having identical CV(W)'s can have very different
texture or pattern features, e.g. floc size distributions, to use the jargon of image analysis.
Clearly, it would be nice to fingerprint a piece of paper with respect to its manufacturing
process, i.e., twin wire, high turbulence headbox etc. and texture or pattern recognition
techniques might be a realistic approach to this goal. Nevertheless, we have still to
demonstrate how these additional measures of formation might be related to converting and
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The early work of Corte and Dodson, and Herdman (4,5), and more recently Dodson (1),
has shown that the coefficient of variation of mass density CV(W) of an ideal random 
network of fibers is related to a fiber length parameter k, fiber coarseness C, and average
sheet grammage W as follows:
CV(W) = o(W)/W = (k x C/W)2 (1)
It is perhaps surprising that equation (1) has not yet been completely verified. However,
this is not a trivial matter since it is difficult to maintain constant forming conditions while
changing the parameters contained in equation (1). In recent work Seth (2) has
demonstrated that CV(W) is proportional to the squareroot of fiber coarseness, i.e., the
weight/unit length of fiber. However, this result was based on light transmission
measurements.
One useful feature of equation (1) is that it can be used to compare formation
measurements made on sheets of different grammage or basis weight. In practice, sheet
basis weight is increased by increasing headbox consistency, but this usually has a negative
impact on sheet formation. However, equation (1) indicates that formation should improve
with increasing basis weight.
In a further paper Dodson and Fekih (5) have modified equation (1) to account for fiber
orientation. They have predicted that formation will deteriorate, i.e., CV(W) will increase
with increasing fiber orientation. This result appears to be true for Fourdrinier made papers ·
as demonstrated by the work of and Svensson and Osterberg (7). This result seems counter 
intuitive, since one might expect to get more uniform coverage with increased fiber
orientation.
Dodson (8) has also shown that network consolidation during forming and (wet pressing?) 
should lead to improved formation. Using his approach it can be shown that CV(W)T as
a function of consolidation is given by
CV(W)r = ((CV(W)) 2 + (1/1-e)(lxw/x2)) 1/2 (2)
where e is the porosity, 1, w fiber length and width, and x2 is the aperture area. In the
results which follow we will briefly examine the effects of refining, forming consistency, fiber






Formation measurements have been made on handsheets, formed either on a Noble and
Woods Sheet Former, British handsheet mold, or on the Formette Dynamique, using the
IPST Formation Tester, briefly described below.
The Formette dynamique gives a unique, but high level of formation depending on the
furnish used. It supposedly comes closest to the ideal of forming a random network of
fibers. It also has the possibility to form handsheets with a non-random fiber orientation.
After formation the sheets are wet pressed and dried under full restraint using the IPST
press and dryer combination. With the sheets made on a British sheet mold TAPPI
recommended procedures were followed.
The IPST Formation Tester is shown in Figure 1. It has the capability of making light
transmission and reflectance measurements in the wavelength range of 400 - 700 nm, as well
as beta particle absorption measurements. An aperture of 1 mm x 1 mm is used for both
light transmission and beta measurements.
Figure 1. IPST Formation Tester
I
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Formation samples of various sizes can be used, and are held in place on the x-y table by
magnetic clamps. User friendly software has been developed for the x-y table to transport
the sample, so that formation measurements can be made over the area selected.
The incident illumination is a 100-watt quartz halogen lamp transmitted through a fiber
optic cable, and a bifurcated cable is used when reflectance measurements are made. The
beta emitter used is a 50 mCi promethium source mounted on a 5 mm diameter aluminum
disc with a 2 micron silver window (obtained from Amersham International).
Optical measurements can be made continuously, however, when mass density
measurements are being made the discontinuous mode is used with delay times varying from
1 to 30 secs depending on the average grammage.
The objective in software development was to have a user-friendly system with a variety of
options for formation measurement and information presentation, including CV(W), CV(T),
FFT, Spatial Gray Level Dependence Method.
RESULTS AND DISCUSSION
The coefficient of variation of mass density CV(W) with inverse square root grammage, i.e.,
1/(W)' / 2 is shown in Figure 2 for sheets made on the Formette Dynamique at a constant
forming consistency of 0.3%. We see that there is good agreement with the prediction of
equation (1). Figure 3 shows that as formation deteriorates, i.e.,
CV(W) increases, tensile strength decreases. When forming handsheets at constant
grammage on the Formette Dynamique, we have found tensile strength to be invariant with
forming consistency over the range of 0.1% to 2.0% (9).
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The effects of furnish and refining on formation for a bleached eucalypti kraft and bleached
northern softwood pulp are summarized in Tables I. The predicted values of CV(W)p d
* · given in the final columns are calculated using equation (1) and measured values of
coarseness and fiber length. The latter was used to estimate the value of the fiber length
factor k (5). In these experiments very little change in fiber coarseness and length was found
with PFI refining.
I
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Table I. Effects of Furnish and Refining on Formation
BLEACHED EUCALYPT KRAFT
PFI Refining CSF CV(T) CV(W) CV(W)pcd
REVS ml % % %
0 580 2.79 258 2.05
500 476 2.87 2.60 1.98
1500 341 3.38 3.15 2.23
3000 134 3.24 2.66 2.15
5000 79 4.48 3.23 227
BLEACHED NORTHERN SOFTWOOD KRAFT
PFI Refining CSF CV(T) CV(W) CV(W)pr
REVS ml % % %
0 623 538 5.43 3.85
2500 406 5.49 2.60? 3.70
5000 224 7.78 5.14 3.64
7500 84 1021 4.95 3.70
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As one would expect, on the basis of fiber length and coarseness, the hardwood sheets show
better formation than the softwood sheets. It is interesting to note, that at the highest level
of refining, the formation shows significant deterioration, particularly for the softwood
handsheets. This is attributed to the longer drainage time which occurs at low freeness
levels, i.e. allowing more time for flocculation to occur. It was found with this work, which
was part of a class assignment in paper physics at IPST, that tensile strength also fell at the
highest level of refining. There are a number of instances in the literature concerned with
pulp evaluations where the tensile strength falls off at high levels of refining, and clearly
formation could be responsible for this.
We note that even at the higher levels of freeness measured values of formation are higher
than the predicted values. This is presumed to reflect a deviation from an ideal random
network of fibers. We also see that as formation deteriorates, the difference between
optical and mass density measurements increases.
The effects of different forming conditions are illustrated in Table II. In the first part of
Table II the effects of delay time before sheet formation, addition of a cationic wet strength
agent (kymene 557H), and forming consistency on elastic properties and their variability is
shown. As expected, increases in these variables leads to a deterioration in formation.
Interestingly, the average values of in-plane elastic properties are maintained, while there
is an improvement in the out-of-plane elastic constant. However, there is a significant
increase in the variability of those measurements, particularly for the out-of-plane elastic
constant.
Also shown in Table II are results for Formette handsheets made using the same furnish for
two levels of fiber orientation R (=Emd/Ed). The Formette made handsheets are slightly
better than the best formed Noble and Woods handsheets, but now we note a small
improvement in formation with increased delay time. In the case of the Formette, the delay
time is the time between network formation on the forming fabric and the initiation of
drainage from the network. The improvement in formation may be due to increased fines
retention, since there is a slight increase in grammage with the increase in delay time.
We note that there is no adverse effect of fiber orientation on sheet formation, and if
anything formation is improved slightly with increasing fiber orientation, at least as judged
by the light transmission measurements, i.e., CV(T). There is also a lower variability in both
in-plane and out-of-plane elastic properties when the Formette handsheets are compared
with the Noble and Woods handsheets. On the basis of these results, it appears that fiber
orientation does not have an inherently adverse affect on formation. However, it is clear
that in creating a non-random fiber orientation on the paper machine, i.e., by changing the
difference in jet to wire speed, that this does have an adverse affect on formation.
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The impact of refining and wet pressing on the strength properties 
of paper was recently
examined by Bither and Waterhouse (10). In addition we have 
examined the effects of
network consolidation by refining and wet pressing on formation, 
and the results are
summarized in Table Ill. The formation of the handsheets, which 
were made on the
Formette Dynamnique, is improved by refining and wet pressing. At a 
constant refining level
sheet densification by wet pressing implies a reduction in void volume, 
and therefore an
improvement in formation might be expected. The limit of 
course would be the
densification of the sheet to a non-voidal continuum with a CV(W) 
=0.
Table m. The Effects of Refining and Wet Pressing
on Formation
CSF Wet-Pressing Density CV(T) CV(W)
ml psig g/cm3 %%
- 0 0300 6.86 521
741 40 0.810 5.72 4.72
155 0 0.791 4.49 4.00
157 40 0.880 538 3.70
270 Cl. 0 0.740 4.42 
3.86
270 CL. 40 0.874 536 3.67
We also note, that there is a small improvement in formation at 
constant density or void
volume. This implies that the average pore size and its distribution 
must be different, and
we have actually found this to be the case (10). Our formation results 
seem to be consistent
with this idea. The reader might expect a similar trend to appear 
in the results given in
Table L i.e, as refining is increased formation should improve. 
In discussing Table I, we
have already noted that no significant change in average fiber length 
or coarseness was
observed, however, it is believed that the increased drainage time 
may be responsible for
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CONCLUSIONS
The influence of a number of papermaking variables on sheet formation has been examined.
It has been shown that the coefficient of variation of mass
density CV(W) is inversely proportional to the inverse square root of grammage as predicted ·
by theory. 
The formation of TAPPI handsheets can deteriorate at low freeness levels, due to an
increase in drainage time, and may be responsible for the drop off in tensile strength,
sometimes found in pulp beating evaluations. ·
Flocculation effects produced by a delay in drainage, cationic strength additives, and
increased forming consistency, was found to have an adverse affect on formation, and
although the mean values of in-plane and out-of-plane elastic constants were not changed, 
their variability increased significantly. 
It was found, with handsheets formed on the Formette Dynamique (close to ideal forming
conditions), that an increase in fiber orientation did not have an adverse affect on
formation. Using the same forming method it was also found that formation improved
through densification by refining and wet pressing.
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